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Abstract 
Polymetric Performance by Musicians 
by Kate Grieshaber 
Chairperson of the Supervisory Committee: 
Professor James c. Carlsen 
School of Music 
This study measured musicians' ability to perform 
complex motor activities, seeking to provide empirical 
foundation for theories of neural timing behavior. In 
individual sessions, each of twenty-nine right-handed 
undergraduate or graduate percussionists or pianists 
performed three polymeters (2:3, 3:4, and 4:5) with two 
hand combinations (L:R, R:L) in six cuing contexts: 
(1) Uncued, without having heard the pattern, (2) Pulse-
with the first pulse of each measure provided, 
(3) Imitate 1-in synchrony with a computer-generated 
pattern heard over a loudspeaker, (4) Continue/Pulse-
after matching the pattern, continuing with the first pulse 
of each measure, (5) Imitate 2-again matching the pattern, 
and (6) Continue/Uncued-after matching the pattern, 
continuing on without cues. Tap evenness scores (standard 
deviation around each beat) served as the dependent 
variable. 
Factors found to be significant included hand (right 
more accurate than left), meter (fast more accurate than 
slow), hand combination (left hand performed slow meter 
least accurately), pattern (2:3 more accurate than 3:4, 
with both more accurate than 4:5), and cuing context 
(imitation contexts were more accurate than contexts in 
which first beats were provided). These effects, however, 
are affected by significant interactions of hand/meter and 
hand/meter/pattern. Very high and consistently accurate 
performance was observed, with many subjects performing 
with standard deviations under 10 milliseconds. Some 
musicians performed some contexts with near mathematical 
precision and others with systematic variation (non-random 
lags and anticipations). 
In post-experiment interviews, subjects were asked 
whether they had difficulties with certain aspects of 
performance (e.g., hand difficulty, changing hand 
combination, mathematically precise stimuli). Subjects 
also were asked about relative difficulty of polymetric 
pattern and performance strategy use. These reports 
corresponded closely with empirical performance data. 
Subjects reported using tactile, visual, and auditory 
cues and verbal mnemonics, and often reported switching 
between focusing on one meter or hand and focusing on the 
resultant rhythm of both hands together. Although high 
correspondence between subjects' reported cognitive 
activity and motor production was observed, more baseline 
data are needed before formulating models of rhythmic 
perception. 
Findings have implications for musicians (especially 
educators) and researchers in various fields examining 
neural aspects of motor behavior. 
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As an undergraduate pianist learning Chopin etudes, it 
was a challenge to perform polymeters accurately. Later, 
teaching music with a global perspective, I sought 
effective methods for teaching these patterns to young 
students. It became clear that this was a problem for 
other musicians and music teachers as well, for although 
polymeters are now prominent in contemporary music, they 
have not occurred frequently in Western music until 
recently and thus have not been included in our own basic 
instruction. 
Polymeters result from the simultaneous occurrence of 
two meters whose pulses divide the same time frame 
differently. For example, the polymeter two against three 
(2:3) has two equally spaced pulses occurring in the same 
time frame as three equally spaced pulses, as shown in 
Figure 1. (A glossary of specialized terms may be found in 
Appendix A.) 
Polymeters have become more widely used as musicians 
have incorporated styles from many cultures, particularly 
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Figure 1. Example of the Polymeter Two Against Three (2:3) 
Figure 2. (A listing of recordings, transcriptions, and 
compositions featuring polymeters may be found in 
Appendix B.) Almost any music listener can easily think of 
musicians who draw heavily on the African polymetric style, 
including Neil Diamond, Herbie Hancock, Paul Simon, and 
Paul Winter. Polymeters are also characteristic of music 
influenced by African styles, such as Cuban, Brazilian, and 
Jamaican, as well as in the music of such diverse countries 
as Peru, Paraguay, and Japan. Many traditional Western 
classical composers have occasionally utilized polymeter, 
including Brahms, Chopin, and Hindemith. Consider the 
extended use of polymeter in the three excerpts of 
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(a) 2:3 in Figure 3. Examples of Polymeter in Music. 
selected voices from Hindemith's Mathis der 
Mahler; (b) 3:4 in Chopin's Trois Novelles 
Etudes; (c) 5:6 in selected voices from Valdez's 
Bata y_ Rumba. 
5 
Polymeters may be produced by an individual or may be 
the outcome of ensemble playing. In ensemble playing, it 
is common for one group of musicians to perform one meter 
while another group performs the other, with polymeter 
being the resultant. For example, in the Presto in 
Hindemith's Mathis der Maler (shown in Figure 3) the flutes 
play triple meter while the clarinets simultaneously play 
duple. During solo performance one musician must perform 
both meters, often with one meter in each hand, as in the 
Chopin Etude in Figure 3. The polymeter may be divided in 
other ways. For example, mbira players play one meter with 
their thumbs while their fingers play another (e.g., the 
3:4 rnbira in "Ancient Voices" in Paul Winter's Common 
Ground). The focus of this investigation, however, is on 
two-handed performance of polymeter, with one hand playing 
one meter while the second plays the other. 
When I first taught polymeters to junior high 
students, a lock-step instructional sequence appeared to be 
successful, but later, when I found I could skip steps and 
the students still could perform the patterns, I began to 
doubt that this approach was the most effective strategy. 
I continued to seek means to improve instruction and 
student performance. In a careful review of the literature 
I found widely differing teaching techniques. 
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Examining the comparative effectiveness of these 
instructional methods was originally planned for this 
dissertation, however with further reading I found 
controversy as to whether people could perform polymeters 
at all. One music teacher (Rickaby 1920) even appears to 
have believed that instruction in these patterns was of 
little use: 
Players either can do (polymeters] ... or they 
cannot .... Do not waste time on difficulties 
that are of doubtful benefit even where there is 
a possibility of their being well done, for this 
possibility is frequently a slippery and elusive 
quality (p. 8). 
In direct contradiction, Mapoma (1986) asserted that "most 
if not all [Ghanaian] first graders can play polyrhythmic 
patterns without much difficulty" (p. 1). Most claims 
regarding performance ability ranged between these two 
extremes. 
The first task became to establish what seemed obvious 
but had been only loosely documented in the 1970s: that 
people can perform polymeters-and with considerable 
precision. Information gleaned from the literature and 
experience suggested that children were performing 
polymeters at an early age, but accounts regarding details 
of performance accuracy were lacking for any age. Knowing 
that researchers from other fields such as kinesiology, 
7 
child development, psychology, and physiology were 
interested in issues of manual dexterity and rhythmic 
coordination-issues bearing on polymetric performance 
ability-I examined the literature in these fields. It too 
was rife with contradiction. 
Some researchers questioned whether untrained people 
could perform polymeter-like rhythmic patterns (Klapp 1979, 
1981; Yamanishi, Kawata & Suzuki 1980). Klapp (1979), 
however, acknowledged that musicians might be able to do so. 
Given the contradictory claims in the literature, the 
question remains: Are highly skilled musicians really able 
to perform polymeters precisely? Before dealing with the 
issue of instructional effectiveness, it seemed necessary to 
establish whether in fact they could do so. And if these 
trained musicians could perform precisely, what factors 
might be involved in their performance? I reexamined the 
literature with the following questions in mind: 
1. What factors (such as handedness) affect the 
performance of polymeter? 
2. What range of performance accuracy has been 
observed? 
3. What performance strategies have been used? 




It would have been useful to include a comparative 
analysis of the tapping abilities of both Western and non-
Western subjects, but that was not feasible. The ensuing 
literature review and subsequent study are therefore 
limited to Western subjects. 
Handedness Issues 
Issues and findings from the fields of motor control 
and bimanual timing coordination have direct relevance for 
the design of the present study, which takes into account 
normative data regarding physiological factors such as 
maximum tapping rate, differences between and within hands, 
and subjects' existing movement repertoires. The 
handedness research cited here did not measure polymetric 
performance but may provide basic understanding of issues 
involved in tapping skill. 
Studies of hand dominance (also referred to as 
handedness, hand specialization, limb preference, lateral 
asymmetry, or laterality) compare the accuracy of the two 
hands during tapping performance. Researchers have 
examined tapping proficiency for information about 
fundamental neurological processes. Interest in the speed 
and accuracy of motor response has caused researchers to 
pursue the upper limits of tapping skill (e.g., "as fast as 
possible"). These tapping norms have been used to 
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determine individual hand preference and degrees of 
normalcy in development (Bryden 1982). In these studies, 
no attention is given to evenness or regularity of taps, an 
important element distinguishing this type of tapping from 
rhythmic contexts in music. 
It is well documented that people tap faster and more 
accurately with the dominant hand during repetitive or 
maximum-rate tasks (Annett 1970; Denckla 1973; Kimura & 
Davidson 1975; Kimura & Vanderwolf 1970; Maxwell 1981; 
Peters 1985, 1987; Spreen & Gaddes 1969). Subjects with 
very strong hand dominance tap faster and more accurately 
than those whose lateralization is less strong (Bryden 
1982; Todor & Doane 1978). 
For unskilled subjects, extensive training with a 
specific finger may improve accuracy (Annett, Hudson & 
Turner 1974; Peters 1976). However, even when the same 
overall rate of tapping is achieved between hands after 
a practice period of four weeks, between-tap intervals are 
still performed with greater time variation by the 
nondominant hand (Peters 1976). This asymmetry has been 
confirmed in other studies examining dexterity of index 
finger, wrist, and shoulder {Todor, Kyprie & Price 1982; 
Wolff & Cohen 1980) and extends to other tasks such as peg 
moving (Annett, Hudson & Turner 1974). Differences between 
hands of highly skilled musicians have been shown to be 
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less pronounced (Wyke & Assa 1981) or completely absent 
(Deutsch 1983; Peters & Povel 1981, Schwartz 1989). 
Other factors, not relevant to the current study, may 
also influence tapping speed. Some researchers have found 
that tapping results may be affected by age (Denckla 1973; 
Kinsbourne & McMurray 1975; Ruffer 1985; Ruffer, Grapethin 
& Huey 1985; Spreen & Gaddes 1969), subject's gender 
(Kimura and Davidson 1975), cultural background of the 
subject (Todor & Lazarus 1985), or the type of task. 
Another influence on performance was reported by 
Peters, who found that nonmusicians (hand dominance 
unspecified) do better when they begin 2:3 with the right 
hand and then join in with the left than they do for the 
reverse (Peters 1985). Subjects also performed more 
accurately when starting with both hands together than when 
entering sequentially (M. Peters, personal communications, 
5 October, 7 November, 1983). 
Differences between hands reflects differences in 
hemispheric dominance of the subject. Bryden (1982), 
Peters (1990), and Todor and Doane (1978) cite research 
indicating that left-handers may not exhibit hemispheric 
processes analogous or complementary to those of right-
handers. Within certain classes of left-handers, hand 
preference may not agree with choice of hand for 
performance in skilled manual movement (Peters 1990). 
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Thus, left-handers are usually excluded from research 
involving factors that are involved with hand dominance. 
This study follows the convention of selecting 
strongly right handed subjects. Although this lessens the 
applicability of results to the general population, in 
addition to reducing variability it allows less confounded 
examination of hand combination and handedness. 
In this study, accuracy of each hand is examined. 
Following previous findings in the literature, it was 
anticipated that the right hand (R) would have less 
variability (in standard deviation-sd) of beat placement 
than the left (L). The hypothesis can be stated as 
follows: 
< 
Issues Related to Timing 
Several additional timing factors affect polymetric 
performance, including meter, tempo, presentation rate, and 
complexity of the tap pattern. 
It is important to distinguish between meter, 
tempo, and polymetric pattern, which are often ill-defined 
in polymetric research. In this study, "meter" refers to 
the number of elements within a pattern played by either 
hand. For example, the three in 2:3 or in 4:3 is the same 
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meter. Although it may be played at the same speed (tempo) 
in both patterns, the three is the "faster" meter in 2:3, 
and the "slower" in 4:3. 
In investigating faster meters versus slower in 
polymeters such as 2:3, 3:4, and 4:5 (or their reverse), it 
has been found that unskilled subjects perform the faster 
meter more accurately than the slower (Beauvillain 1983). 
Findings are mixed when skill and handedness of subjects is 
accounted for. Klapp (1985), Ibbotson and Morton (1981), 
and Peters (1985) found that unskilled subjects' 
performance is more accurate when the preferred hand 
performs the faster meter. Using skilled musicians, 
researchers found that some may play the faster meter more 
accurately regardless of which hand combination was being 
used (Morton 1979; Peters 1986). Other studies failed to 
confirm differences between hands performing fast and slow 
meters (Deutsch 1983; Peters 1985; Peters & Schwartz 1989). 
However, when given a choice, skilled musicians have 
exhibited strong preference for playing the faster meter 
with the preferred (usually right) hand (e.g., Peters & 
Schwartz 1989). 
The issue of tempo is complicated by the fact that 
very slow tempos present special problems for the performer 
(Beauvillain 1983; Deutsch 1983; Fraisse 1982; S. Handel, 
personal communication, November 21, 1983). This point of 
13 
difficulty has been estimated to range from tap intervals 
below 200 milliseconds (Handel 1984) or 370 milliseconds 
(Fraisse 1982) to 500 milliseconds (Beauvillain 1983), or 
to occur when rhythmic pattern repeats are longer than 1580 
milliseconds (Fraisse 1982). 
Oshinsky and Handel's (1978) nonmusician subjects' 
synchronization was less regular for the slower meters of 
polymeters, being particularly pronounced at slower tempos. 
That is, variability was greater for the duple meter in 2:3 
(900-millisecond tap intervals) than the triple, and for 
the three in 3:4 (900-millisecond tap intervals). Peters, 
(1986) and Deutsch (1983) report, however, that subdividing 
at slow tempos increases accuracy. 
Very fast tempos, of course, present problems for the 
performer. Fraisse (1982) reported that performers have 
difficulty when performing rhythmic patterns with intervals 
shorter than 115 milliseconds. Although Pavel (1981) 
claims that "250 milliseconds is about the shortest time 
that can be tapped comfortably with one finger" (p. 7), 
most musicians would be able to surpass this easily. 
Lack of agreement among these researchers may be due 
to differences in subjects' proficiency (discussed later in 
this chapter) or it may be due to confounding meter with 
tempo. For example in Deutsch's (1983) study, the length 
of the measure (pattern repeat) was kept constant at 1.2 
14 
seconds. This means that each tap in a "two" meter (two in 
2:1, 2:2, 2:3, 2:4, and 2:5) occurred every 600 
milliseconds (quarter note= 100), while the taps in "five" 
were spaced every 240 milliseconds (quarter note= 360). 
Thus, the five meter was always performed at a much faster 
rate than the two meter, with the 240-millisecond rate 
approaching the upper limits of simple tapping ability (see 
the previous discussion of handedness). Research that 
tests accuracy of polymetric tapping should make polymetric 
pattern comparisons in a way that avoids confusing tempo 
with meter and uses tap intervals within a range that 
allows accurate performance. 
Even taking these limitations into account, the 
researcher comparing performance between meters of a 
polymeter still faces a problem. If measure or pattern 
length is held constant, as in Deutsch (1983), then tap 
rate varies across meters. If tap rate is held constant 
across meters, measures or patterns with more elements may 
exceed Fraisse's lower limits, or if these are held within 
Fraisse's suggested limitations, the tap rate for some 
patterns may exceed performance ability as discussed above 
and in the handedness issues section. 
In those tasks where tempo was preset, tap rate for 
this research was held constant across the faster meters in 
order to compare different meters without excess 
15 
complication of tempo variation. That is, tap intervals in 
the five of 4:5, the four in 3:4 and the three in 2:3 were 
the same. Note that the slower meters could not be held 
constant. That also meant that the four in 4:5 and the 
four in 3:4 were not the same tempos (intervals of 416 and 
333 milliseconds respectively. 
This issue of tap rate was examined with the 
hypothesis that within each polymetric pattern, the faster 
meter would be performed more accurately than the slower. 
That is, there would be less variability of beat placement 
in the faster meter. For example, in 2:3, the faster meter 
would have less variability than the slower (3sd < 2sd). 
For any given polymeter: 
Faster metersd < Slower metersd 
Interactions of Handedness and Timing 
Two-handed coordination. A whole field of research 
has investigated the effects of coordination of two hands 
in time. Research in the areas of "temporal 
compatibility," "interlimb coordination," and "dual task 
interference" employs tasks in which (a) each hand taps in 
a different time frame or (b) one hand taps a rhythm while 
the other performs an unrelated task (e.g., tapping as fast 
as possible). 
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Like most movement and motor control researchers, 
Klapp (1979, 1981) and Kelso, Southard, and Goodman (1979) 
measured the amount of time subjects took to move or tap 
both hands. They reported that each hand appeared to be 
constrained by the movement of the other. Duncan (1979), 
concurring with this conclusion, further found that tap 
errors were more than just additive to those expected for 
either hand alone. For example, when Duncan's subjects 
performed two-handed tasks, one hand would sometimes 
perform part of the pattern being performed by the other 
hand (i.e., entrainment, also called mirror movement or 
synkinesis), an error that was not observed in single-hand 
performance. 
Hand combination. Hand combination (sometimes 
referred to as rhythmic dominance) compares the accuracy of 
performance with one hand combination to the reverse. 
Figure 4a shows the left playing the triple meter and the 
right the quadruple meter (3:4) while Figure 4b shows the 
reverse hand combination (4:3). (In this study, the meter 
played by the left hand is always listed first and, except 
when noted, is depicted by the lower portion of the 
figure.) One way to examine both hand combinations would 
be to observe performance first with the left hand playing 








Figure 4. Comparison of 3:4 (a) and 4:3 (b). 
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Most studies tend to use only one hand combination 
predetermined by the researcher; this unacknowledged factor 
may have contributed to variability of results in earlier 
studies. Only a few studies have discussed hand 
combination or allowed for an examination of it. Duncan 
(1979) and Beauvillain and Fraisse (1984) counterbalanced 
for hand combination. Farnsworth and Poynter (1931) 
specified that the single subject perform the slower meter 
of each polymeter with the left hand. Unfortunately, their 
subject's handedness was unspecified, and confounding the 
factors of hand combination with hand dominance, as well as 
scoring vagaries, make their findings difficult to assess. 
Using musician and nonmusician subjects, Peters (1977, 
1979), Ibbotson and Morton (1981), and Morton (1979) 
identified population subgroups on the basis of rhythmic 
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performance success according to hand combination. 
Ibbotson and Morton (1981) found that "serious musicians" 
(6 years experience) exhibited no difference as the result 
of hand combination, but, for the rest of their subjects, 
hand combination was a key factor affecting tapping 
success. 
Hand combination may be important for some but not all 
subjects. Specifically, highly trained subjects sometimes 
show no hand-combination effects (Peters & Schwartz 1989). 
In a study examining keyboard musicians' polymetric 
performance, Deutsch (1983) and Peters (1990) found no 
differences due to hand combination. Deutsch's three 
highly trained subjects performed either hand combination 
equally well. In contrast, Peters' (1985) subjects did 
better when the right hand played the faster meter of the 
polymeter. 
Research indicates that the dominant hand is faster 
and more accurate and that the faster meter is performed 
more accurately, implying indirectly that hand combination 
affects accuracy. Therefore, my experiment was constructed 
to test both hand combinations, e.g., 3:4 and 4:3 
(Figure 4). 
It was hypothesized, based on the literature, that 
subjects would perform more accurately when performing the 
faster meter with the dominant (R) hand and less so with 
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the reverse hand combination (e.g., the variability in 3:4 
would be less than that for 4:3): 
L(fewer taps)/R(more taps)sd < 
L(more taps)/R(fewer taps)sd 
Pattern complexity. The ability to perform polymetric 
patterns can be affected by the particular combination of 
meters in the polymetric pattern. Conclusions regarding 
the effects of pattern complexity are difficult to make 
because the data are scattered among several research 
fields, each with different theories and methodologies, 
further complicated by researchers' assumptions that 
polymetric patterns are incompatible or unrelated, or are 
in nonmeshing timeframes. 
Cohen (1970), Klapp (1979, 1981), and Peters (1990) 
have expressed the belief that people cannot produce two 
independent responses, that performing multiple patterns is 
possible only when one pattern duplicates the other exactly 
or is an easy subdivision of the other, a belief apparently 
supported by Yamanishi et al. (1980). 
Although there are certainly patterns that may be very 
difficult or even impossible to perform, these researchers 
may have overgeneralized. Findings in research 
investigating tapping of one hand concurrently with other 
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tasks may depend on whether such tasks are synchronous or 
asynchronous ("compatible" or "noncompatible") in time as 
well as whether they are practiced. Some researchers have 
found that the effects of dual task interference may be 
reduced by practice (Bryden 1982). Visual tracking, 
listening, and verbalizing are tasks practiced musicians 
often engage in while simultaneously performing with their 
hands without apparent disruption. 
Yamanishi et al. (1980) found that both musicians and 
nonmusicians inaccurately tapped the pattern 1:1.3, which 
does not translate into common musical subdivisions as does 
1:1.333 (triplet subdivisions), which they did not examine. 
Klapp found "non-multiple" patterns such as 2:3 and 3:5, 
along with tasks such as 1.2:2.2, were performed less 
accurately than "compatible" patterns such as 1:2 or 2:4 
(Klapp 1979, 1981). Klapp's reference to "incompatible" 
tasks is unfortunate, because "compatibility" is relative. 
For instance, in one experiment one so-called incompatible 
condition required subjects to tap rhythmically with one 
hand while tapping as fast as possible with the other. 
Musicians routinely perform this task when they perform 
trills while continuing to play another pattern with the 
other hand. Unfortunately, Klapp did not investigate a 
continuous spectrum of tasks and did not report relative 
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accuracy of each of the so-called noncompatible patterns 
investigated. 
Rhythms including subdivisions of five, often classed 
as incompatible patterns, are a specific case in point. 
Deutsch (1983) reported that her three musician subjects 
were easily able to perform a 5:1 pattern but had trouble 
with 4:5. Deutsch (1983) theorized that the greater the 
number of elements in a pattern, the more difficult the 
task. Deutsch's finding that 3:4 and 4:5 are performed 
less accurately than 2:3 provides partial support for this 
aspect of complexity in polymetric performance. 
Beauvillain and Fraisse (1984), investigating younger 
musicians, found that 61 percent performed 2:3 correctly, 
but only 32 percent performed 3:4 correctly, with standard 
deviation ranges of 34 to 86 milliseconds and 21 to 59 
milliseconds respectively. The lower range of variability 
of 3:4 might call the result into question, but the 
standard deviation mean of 49 milliseconds for 2:3 compared 
to 56 milliseconds for 3:4 suggests that 2:3 is on the 
average performed more successfully. 
One term pertinent to pattern complexity is density 
referent, defined here as the lowest common denominator of 
two simultaneous meters. For example, the density referent 
for the nonpolymetric pattern 2:4 would be four, for the 
polymetric pattern 3:4 would be twelve. Measures having 
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higher density referents have been viewed as more complex 
and therefore more difficult to perform. 
In this study, although research findings concerning 
pattern complexity are inconclusive at best, it was 
hypothesized that pattern complexity (the number of 
elements in the combined metric patterns) would be a factor 
in polymetric performance. That is, performance of 2:3 
would be less variable than 3:4, and 3:4 in turn less 
variable than 4:5. 
Polymeter fewer tapssd < 
Polymeter more tapssd 
Cuing context/Tapping Task 
Previous researchers have required subjects to perform 
polymeters in widely varying contexts, commonly selecting 
only one cuing context for testing polymetric performance. 
Some provided no cuing; that is, subjects were allowed to 
set their own pace or perform freely (Farnsworth & Poynter 
1931; Ibbotson & Morton 1981; Peters & Schwartz 1989; 
Shaffer 1981). Morton (1919-20) provided cuing consisting 
of a beat or pulse provided to pace subjects' performances. 
Other researchers provided an exact mathematically precise 
model with which subjects synchronized their taps (Deutsch 
1983; Handel & Lawson 1983; Jagacinski, Marshburn, Klapp, 
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and Jones 1988; Oshinsky & Handel 1978; Peters 1987). 
Kolers and Brewster (1985) initially provided a precise 
model that subjects, with the pattern being discontinued 
sometime during the recording stage. Thus far there have 
been no published examinations of the specific influence of 
cuing context on polymetric performance. 
Because I suspected that cuing context may be a very 
important factor in performance accuracy, even for highly 
skilled performers, a separate hypothesis examined this 
factor. Cuing contexts in this study, as shown in 
Figure 5, are modeled after those used in previous research 
and will be referred to as cuing contexts: (1) Uncued, 
(2) Pulse-in synchrony with a metronomic pulse, 
(3) Imitate 1-in synchrony with an mathematically precise 
aural model, (4) Continue/Pulse-practice with the aural 
model but be recorded while continuing with pulse only, 
(5) Imitate 2-in synchrony with the aural model (repeat of 
context three), and (6) Continue/Uncued-practice with the 
model but continue freely while being recorded. It was 
hypothesized that accuracy of performance would be affected 
by cuing context, but because there was no supporting data, 
no direction was predicted: 
Uncued, Pulse, Imitate 1, 




3 Imitate 1 
4 Continue/Pulse 



























A major factor influencing perception is that of 
experience and training. Clearly musicians perceive and 
perform patterns of sophisticated periodicity that 
inexperienced, untrained subjects cannot. Subjects' 
musical experience has commonly been defined simply as 
"number of years of experience." Some researchers have 
separated musicians from nonmusicians based on a set 
criterion number of years of experience (Bengtsson & 
Gabrielsson 1980; Ibbotson & Morton 1981; Jagacinski et al. 
1988; Klapp 1979, 1981; Kolers & Brewster 1985; Peters 
1977, 1985, 1986, 1987; Pitt & Monahan 1987; Pavel 1981; 
Shaffer 1980, 1981, 1983; Yamanishi et al. 1980) or level 
of achievement (Peters & Schwartz 1989). 
The whole area of training has not been developed as a 
question in the physiological literature. Although there 
usually is comparison of trained versus untrained subjects, 
there is almost no description as to how training has taken 
place. 
Handel was unable to determine the role musical 
experience played in polymetric tapping responses: 
We tried everything from years of musical training, to 
hours listening to a radio, to whether the person was 
good at knowing the time without a watch. I am sure 
that experience and culture in some way will determine 
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the response, but we have not picked up the effects 
(S. Handel, personal communication, November 21, 
1983). 
Many researchers (Peters 1985, Handel 1984, and 
Jagacinski et al. 1988) emphasize the need for 
investigating the abilities and limitations of highly 
trained subjects. Any study that purports to examine the 
limits of ability must include subjects at higher skill 
levels. 
Heretofore, highly proficient and practiced subjects 
have not been extensively tested. Those researchers who 
have not included skilled subjects in their studies-and 
they are the majority-apparently have decided that highly 
trained subjects are not representative of the general 
population, and they therefore should not be included in 
their studies. Unfortunately, these researchers then make 
the mistake of generalizing their conclusions to the entire 
population-including the highly skilled. 
Shaffer, who has extensively examined highly trained 
musicians, stated: 
Skilled pianists have greater hand independence 
and can make more complex use of timing than was 
observed by Kelso et al. (1979). In general, with 
prolonged practice, the skilled performer goes 
progressively beyond the processing constraints 
that limit the unskilled person (Shaffer 1982, pp. 
118-119). 
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Instruction and experience certainly do not guarantee 
proficiency. Not all individuals possess skills to meet 
all musical demands. For example, a singer's abilities 
might differ from those of a drummer, or a keyboardist. 
Because instrumentalists learn differing repertoires of 
movement sequences, nonpercussionists may be less adept in 
movements such as up-and-down tapping with the whole hand. 
Because this study was concerned with the polymetric 
ability of musicians, only highly skilled musicians were 
used as subjects. Further, to ensure maximum skill with 
two-handed movement, the subject sample was limited to 
musicians whose primary performance instrument was either 
keyboard or percussion. 
Summary of Experimental Hypotheses 
The following hypotheses are stated for highly skilled 
musician subjects: 
Hi Handedness: Accuracy of each hand will be 
compared. Since the right hand is expected to be more 
accurate than the left, a directional hypothesis is stated. 
The hypothesis can be stated as: 
< 
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H2 Meter: Performance of the faster meter will be 
significantly more accurate than performance of the slower 
meter: 
Faster metersd < Slower metersd 
H3 Hand Combination: Subjects will perform more 
accurately when performing the faster meter with the 
dominant (right) hand and less accurately with the reverse 
hand combination: 
L(fewer taps)/R(more taps)sd < 
L(more taps)/R(fewer taps)sd 
H4 Polymetric Pattern: Increase in polymetric 
complexity (the relative number of elements in the combined 
metric patterns) adversely affects polymetric performance 
accuracy. For example, 4:5 will be performed with more 
variability than 3:4, and 3:4 with more variability than 
2:3. Thus: 
Polymeter fewer tapssd < 
Polymeter more tapssd 
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H5 Cueing Context: Accuracy of performance will be 
affected by task condition: 
Uncued f Pulse f Imitate 1 f 
Continue/Pulse f Imitate 2 f Continue/Uncued 
The hypotheses stated above can be tested 
experimentally, but confining this inquiry to testable 
hypotheses would provide only a partial view of polymetric 
performance skill. Additional factors that affect 
polymetric performance are introduced in the next chapter. 
CHAPTER 2 
ADDITIONAL ISSUES 
The hypotheses in Chapter 1 provide a limited 
perspective of polymetric performance skill. In addition, 
it is essential to understand the variability that occurs 
among and within performers, and to identify possible 
cognitive strategies used during performance. Questions 
were generated from these issues which, supplementing the 
experimental hypotheses, allowed for more comprehensive 
interpretation of findings. 
These questions constituted the second, informal part 
of this research: 
1. How accurate are the best performers? 
2. Are there identifiable types of errors? 
3. Is there a pattern of systematic variation? 
4. Do performers' descriptions of accuracy 
correspond to their actual performance? 
5. What strategies do performers use? 
6. Is there other information that could be gleaned 
from subject exit interviews that would provide 
impetus for future research? 
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How Accurate Are the Best Performers? 
The major focus of this study was to address the 
question of whether people could or could not perform 
polymeters. The first section of this study sought to 
provide answers regarding success for the subject group as 
a whole. However, further analysis was necessary to 
quantify individual polymetric performance ability for the 
best performers and to allow comparison of these performers 
with others at lower levels of proficiency. 
Defining accuracy. Quantifying accuracy is not a 
simple task, as this is not a question of on or off, 
correct or incorrect, right or wrong. Numerous issues and 
problems need to be addressed, including data collection 
and evaluation. To further complicate matters, the number 
of milliseconds a performance can be "off" from 
mathematical accuracy and remain undetected (the just 
noticeable differences-jnds) in performing and perceiving 
even simple patterns is not yet known (Pavel 1977). As no 
standard model has yet been adopted for quantifying 
accuracy in rhythm research, researchers have used 
differing criteria, including (1) whether or not a given 
performance exactly matches a given stimulus pattern, 
(2) averaged standard deviation of taps (across all 
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measures), and (3) intervallic (within measure) standard 
deviation. 
Determining accuracy is largely dependent on the 
method used to record and to score the data. Some 
researchers have compared subjects' performance with the 
researcher's internalized mental model of a given rhythm 
pattern and have decided subjectively "on the spot" whether 
the performance was accurate or not (Atterbury 1983; Gordon 
1977; Ibbotson & Morton 1981). Still others have recorded 
performances on chart recorder timelines, allowing more 
precise measurement of tap placement (Farnsworth & Poynter 
1931; Morton 1919-20; Osburn 1981; Thackray 1972), or 
digitally on computers (Beauvillain & Fraisse 1984; Deutsch 
1983; Jagacinski et al. 1988; McLeod 1975; Peters & 
Schwartz 1989; Pavel & Essens 1983). 
Although timelines or digitized printouts are deemed 
more reliable than on the spot auditory analyses, 
researchers using timelines must still make decisions as to 
how to quantify correctness, as all performers vary tempos, 
omit taps, and generally deviate in some manner from 
mathematical precision. 
One of the most prevalent models for evaluation of 
performance accuracy is what will be referred to as a 
prescriptive model. This model measures deviation of taps 
from a standard, implying that taps deviate from correct 
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mathematical precision. This procedure greatly facilitates 
automatic computer scoring. Researchers using this model 
commonly report accuracy in terms of standard deviations 
(Deutsch 1983; Peters & Schwartz 1989; Pavel & Essens 1983) 
or logarithms of standard deviations (Kolers & Brewster 
1980) . 
The alternative method of scoring is descriptive, that 
is, simply showing in graphs or histograms where beats are 
placed in time (Duncan 1979; McLeod 1975; Peters 1985a, 
1985b). This technique allows detailed examination of 
individual performance and, rather than reducing 
performance to average deviations from a stimulus, allows 
researchers to observe and analyze whether musicians 
actually perform with mathematical precision or in some 
other manner (Bengtsson & Gabrielsson 1980; Gabrielsson 
1984) . 
Simple performance tasks that are aurally perceived as 
synchronous are rarely precisely synchronous, so 
researchers measuring to the nearest millisecond have had 
to use considerable forethought prior to scoring. In 
simple rhythmic tapping tasks, standard deviations for 
musicians have ranged from 7 to 42 milliseconds 
(Kristofferson 1976; Pavel 1981; Sternberg & Knoll 1984). 
Musicians' tap coincidences at measure beginnings have been 
found to range from 7 to 50 milliseconds apart (Palmer 
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1987; Rasch 1979). Analogous findings occur at measure 
beginnings in polymetric research (Beauvillain & Fraisse 
1984; Jagacinski et al. 1988; McLeod 1975; Morton 1919-20; 
Peters & Schwartz 1989). 
McLeod (1975, experiment 11), observing each 
polymetric pattern onset, found that subjects varied both 
from session to session and with respect to which hand 
tapped first in each measure. Accuracy at coincidence as 
measured by standard deviation ranged from 30 to 60 
milliseconds. 
General polymetric performance accuracy. As seen in 
the summary of research findings presented in Table 1, 
standard deviations for musicians' polymetric tapping range 
from as low as 3 to as high as 90 milliseconds, with 
standard deviations of top subjects typically in the 20 to 
30 millisecond range. Taken together, the findings in 
Table 1 depict performances of highly trained 
percussionists, pianists, and a violinist. 
Despite findings indicating handedness differences for 
simple tapping tasks, many researchers reported accuracy 
ranges for hands averaged together. Either this was due to 
the fact that significant differences were not found 








a N = 3 
b N = 1 
Table 1 
Empirical Reports of Musicians• Polymetric 
Performance Accuracy 
Research Report 




Klapp, and Jones (1988) 
McLeod ( 1975 )b 
Morton (1919-20) 
Peters & Schwartz (1989, 
Exp. 2, no counting) 
(reverse hand comb.) 
Peters & Schwartz (1989, 
Experiment 3) 
Beauvillain & Fraisse 
( 1984) 
Deutsch (1983)a 
Shaffer ( 1981 )b 
McLeod (1975)b 
Deutsch (1983)a 


















































d Farnsworth & Poynter tested one subject performing 2:3, 3:4, 3:5, 3:7, 4:5, and 4:7. They 
reported, "In no case was there an error of over 1/10th the distance from one tap to the 
next. 11 
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were viewed as describing the whole pattern (Farnsworth & 
Poynter 1931; Jagacinski et al. 1988). 
Table 1 shows that, of those researchers reporting 
standard deviations separately, all found performances 
of the faster meter with the right hand to be performed 
with less deviation than those with the left. Regardless 
which hand played the slower meter in 2:3 and 3:5, standard 
deviations were higher than for the faster-meter hand. 
All of the findings cited thus far must be viewed 
provisionally because (1) some of the data were collected 
using pre-computer instrumentation, most of which was not 
very precise and (2) recent use of mathematically precise 
models have affected researchers' analysis and reporting of 
performance accuracy, particularly when discussing types of 
errors observed. It wasn't until the late 1970s that one 
researcher noted that standard deviation scores failed to 
discriminate between error and tempo shifts (Pavel 1977). 
It may be recalled that previous research described 
musicians' timing skills as being variable. What is 
coincident with the beat, what is determined to be 
accurate, and what limits exist for human perception of 
this accuracy are questions not addressed in this study. 
Intervallic variability. Like Table 1, Table 2 
presents standard deviations for polymetric tapping, but 
Table 2 
Empirical Reports of Left- and Right-Hand Intervallic Variation 
in Musicians• Polymetric Performance 
Poly-
ineter Research Report Hand 
2:3 Beauvillain & LH (2) 
Fraisse (1984)c 
RH (3) 
Deutsch (1983) * 
Jagacinski, Marshburn, LH (2) 
Klapp & Jones (1988) 
RH (3) 
Mcleod (1975) LH (2) 
RH (3) 
* Data not reported in this fashion. 
a Maxin.a delta between intervals within each hand. 
b Average standard deviation. 
c One of two subject groups. 
d Means were reported across all intervals averaged across hand. 
e Least squares estimates of standard deviations according to interval. 
Interval 
Tap Length Max. 
Interval (msec) Del taa 
1 662 
2 647 15 
1 426 
2 457 






2 533 31 
1 370 
2 370 















Table 2 (cont.) 
Empirical Reports of Left- and Right-Hand Intervallic variation 
in Musicians• Polymetric Performance 
Poly-
meter Research Report Hand 
2:3 Horton (1919-20, RH (3) 
(cont.) Experiment 2 RH (3) 
RH (3) 
Morton (1919-20, "best 
Experiment 3 subject" 
Peters & Schwartz (1989, LH (2) 
Experiment 2) RH (2) 
LH (3) 
RH (3) 
Peters & Schwartz (1989, LH (2) 
Experiment 3) RH (3) 
3:4 Beauvil lain & d LH (3) 
Fraisse (1984) 
RH (4) 
* Data not reported in this fashion. 
a Maxin,.n delta between intervals within each hand. 
b Average standard deviation. 
d Means were reported across all intervals averaged across hand. 
f Extrapolated from report. 
Interval 
Tap Length Max. 
Interval (msec) Deltaa 
1 207f 
* 


























g This is for the situation equivalent to that in this study, when subjects were not counting along with the pattern. The authors 
also investigated subjects• performance while counting; sos for this condition were 36.5, 35.9, 22.1, and 22.0, respectively. 
w 
00 
Table 2 (cont.) 
Empirical Reports of Left- and Right-Hand Intervallic Variation 
in Musicians• Polymetric Performance 
Poly-
meter Research Report Hand 
3:4 Deutsch (1983) * 
(cont.) 
Shaffer (1981) * 
3:5 Mcleod (1975) LH (3) 
RH (5) 
4:5 Deutsch (1983) * 
Various Farnsworth & Poynter * 
Patterns (1931) 
* Data not reported in this fashion. 
a Maxinun delta between intervals within each hand. 
b Average standard deviation. 
Interval 
Tap Length Max. 
Interval (msec) Oeltaa 
1 606 
2 526 



















summarizes variability according to intervals within the 
measure. These data reveal higher standard deviations in 
the slower meter/left hand in almost every case. 
Additionally, the pattern of average interval lengths vary 
in all polymetric patterns; sometimes the first interval is 
the largest (e.g., in the two in 2:3 in McLeod's and 
Beauvillain & Fraisse's findings and the three in 3:5 in 
McLeod). 
This finding of the first interval being the largest 
is not consistent in all cases. Beauvillain and Fraisse's 
subjects performed the four in 3:4 with the last interval 
being the longest. The same subject performed the three in 
2:3 alternating interval lengths, but with very small 
differences, indicating an ability to perform intervals 
with near mathematical precision. 
Taking previous researchers' findings into account, 
how accurately should the musicians in this study be 
expected to perform? More specifically, when examining 
accuracy of polymetric patterns taking variation of 
interval length within measures into account, how accurate 
are the best performers in terms of variance around each 
tap? Based on the previous discussion, ranges of 20 to 30 
milliseconds of intervallic variability could be expected. 
■ 
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Are There Identifiable Types of Errors? 
Many researchers were specific about errors musicians 
made during polymetric performance. They observed extra or 
missing taps, entrainment, lagging, anticipation, and 
inaccuracies often in only one meter of the polymeter. 
Errors such as tap omissions and additions were 
usually excluded from statistical analysis and discussion. 
Frequently researchers reported that omissions as well as 
extra simultaneous taps at pattern beginnings and endings 
"could not be classified" (Beauvillain & Fraisse 1984, 
p. 489) or were excluded (Peters & Schwartz 1989). 
Another error found in polymetric performance, that of 
one hand captured by the metric pattern of the other, 
relates to entrainment (Cohen 1970). In examining simple 
rhythmic tapping Duncan (1979) observed that one subjects' 
hand would shift into the other hand's meter and then 
return to its own. This same type of error was also 
observed in polymetric studies (Beauvillain & Fraisse 1984; 
McLeod 1975; Morton 1919-20: and Peters 1985, 1989). Those 
researchers who did not report this type of error probably 
did not because data including such errors had been 
eliminated prior to analysis. 
Lag and anticipation, especially at coincidences, have 
been commonly observed. Jagacinski et al. (1988) reported 
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that subjects anticipated taps in advance of the stimulus 
they were to imitate. Peters and Schwartz (1989, 
Experiment 3) observed their musicians' left hands to lag 
at coincidences. Other researchers reporting musicians' 
lengthening or shortening of tap intervals, but did not 
interpret this as error. For example, one musician's 
lengthening of intervals in polymetric performance was 
interpreted instead as highly consistent variability 
(Morton 1919-20). 
Patterns of lag followed by anticipation among 
neighboring taps were found in 2:3 (Morton 1919-20; McLeod 
1975), in 3:4 (Beauvillain & Fraisse 1984), and in 3:5 
(McLeod 1975). Also, some subjects were reported to 
perform intervals which gradually lengthened throughout the 
measure performing 3:4 (Beauvillain & Fraisse; 1984; 
Shaffer 1981). 
In some cases only the slower meter of the polymetric 
pattern featured deviation. This was found for the two in 
2:3 (McLeod 1975; Morton 1919-20), the three in 3:4 
(Shaffer 1981), and the three in 3:5 (McLeod 1975). 
Deviation of only the faster meter was less common, found 
in only one group of subjects performing 3:4 (Beauvillain & 
Fraisse 1984). 
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Is There a Pattern of systematic variation? 
Implicit in the statement that musicians can perform 
musically rather than with technical accuracy is the 
assumption that there is an underlying musical template or 
style that supersedes the mere mathematical model 
symbolized by musical notation (Gabrielsson 1986; Palmer 
1987). Some rhythm research supports findings that 
musicians performing polymeters fluctuate slightly from 
performance to performance but still maintain consistent, 
systematic, and precise variations in timing (Gabrielsson 
1986; Pavel 1977: Rasch 1979: Seashore 1938: Shaffer 1980, 
1981: Slaboda 1983, 1985). 
Shaffer (1983) observed two pianists who had not 
rehearsed together prior to his recording them. They 
played a Brahms duo piano work which consisted of melody, 
counter-melody and bass lines. Each performer played one 
inner voice featuring parallel rhythms and contours. The 
inner voices performed between musicians had more 
consistency than both hands of each individual player. 
Based upon this special consistency in four-hand 
performance, Shaffer concluded that performance rules 
influenced the musicians' playing. A stylistic grammar was 
being communicated nonverbally by these musicians, highly 
trained in movement and ensemble performance. 
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Deliberate deviation from mathematical precision is 
valued in many musical styles and cultures: 
Almost anyone can learn to play like a sewing 
machine but when it comes to the fine, delicate 
variations in rhythm it requires real musical 
talent (Fairchild, 1926, 720). 
An important characteristic of [North Indian tabla] 
gharana style [is] ... the distinctive manner in which 
the rhythmic patterns are varied slightly in performance 
from their strictly measured divisions of timing (Gottlieb, 
1977, 81). 
It is not that motor factors are irrelevant to 
timing ... rather it is that the timing produced 
corresponds to the musical intention (Shaffer, 
1983, 4). 
Some subjects appear able to perform with mathematical 
precision such that slight anticipations and lags are not 
significant or perceivable. For example, one group in 
Beauvillain and Fraisse's (1984) study performed 3:4 with 
between-interval standard deviations of 1 to 5 
milliseconds. Other subjects deviated consistently from 
the mathematically precise stimuli. For example, McLeod 
(1975, experiment 11) reported that when taps were least 
accurate (compared to a mathematical model) standard 
deviations were smallest. Researchers using prescriptive 
models of scoring might readily acknowledge well claim that 
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using a mathematically precise model of accuracy confounds 
deliberate performance variability with performance error. 
Researchers' interpretation of musicians' lag and 
anticipation not being "error" led me to realize that 
deviation can be considered a form of systematic variation 
and therefore that the empirical findings shown in Table 2 
could be considered in conjunction with descriptive 
reports found in the literature. As summarized in Table 3, 
which combines both descriptive and empirical data, 
systematic anticipations and lags were reported to be 
pronounced at pattern beginnings (lag after coincidence) 
and endings (anticipation of last tap). Notice that these 
reports of deviation also include larger and shorter first 
intervals (two in 2:3), subtle alternations of lag and 
anticipation (2:3 and 3:5), and gradually larger intervals 
throughout the measure (3:4). 
As suggested by other rhythm performance researchers 
(Gabrielsson 1982; Bengtsson & Gabrielsson 1980; Palmer 
1987), it could be that musicians' lengthening of the 
interval before or after coincidence serves to emphasize 
the pattern. Different types of polymetric performance 
variability have been observed among individual musicians 
(Gabrielsson 1981; Peters & Schwartz 1989). This is in 
line with findings of recent simple rhythmic research which 
indicates that accuracy fluctuates performance to 
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Table 3 
Reports of Intervallic Variation in 
Musicians• Polymetric Performance 
Research Report 
Lag After Coincidence 
Beauvillain & 
Fraisse (1984) 
McLeod ( 1975) 
Morton (1919/20) 
Lag Throughout 
Beauvillain & Fraisse 
( 1984) 
Anticipation After Coincidence 
Beauvillain & Fraisse 
C 1984) 
Peters & Schwartz 
(1989, Experiment 2) 
Anticipation Throughout 
Jagacinski, Marshburn, 
Klapp, and Jones (1988) 
Anticipation of the Last Tap(s) 
McLeod ( 1975) 
Peters & Schwartz 
(1989, Experiment 2) 
Polymeter 
2:3 
3 in 3:5 
2 in 2:3 




2 & 3 in 2:3 
2 & 3 in 2:3 
Conments 
Better of two mixed musician 
and nonmusician subject groups 
Slower meter (LH) 
Slower meter (LH) 
One of two mixed musician and 
nonn.isician subject groups 
Better of two mixed musician 
and nonmusician subject groups 
Anticipation of stimulus on 
4th day of trials 
sos highest in last interval 
of LH but may not be 
statistically significant 
One subject only 
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Table 3 (cont.) 
Reports of Intervallic Variation in 
Musicians• Polymetric Performance 
Research Report 
Canbination of Lag and Anticipation 




Peters & Schwartz 
(1989, Experiment 3) 












Lower of two mixed rwsician 
and norm..,sician subject groups 
Maximum delta was 31 msec in 
LH and 21 in RH 
Maxinun delta was 80 msec in 
LH and 23 in RH 
Maximum delta reported to be 
no more than 13 msec 
"When the first interval is 
long, the second will tend to 
be short, and vice versa." 
RH regular while LH fits in 
"with a consistent 
irregularity11 
Reports RH asynchrony as 
high as 150 milliseconds 1n 
actual music performance 
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performance and among individuals (Pavel 1977; Seashore 
1938; Shaffer 1980; Slaboda 1983), 
In a study examining hand movement of concert 
pianists, Shaffer (1981) observed one artist performing a 
Chopin etude which featured 3:4. One hand played strict 
meter while the other performed rubato. Shaffer claimed 
this sophisticated timing performance was practiced and 
controlled: 
There was a definite patterning of asynchrony in 
which one hand would sometimes sustain a lag or 
lead relative to the other; also there was a 
tendency for one hand to be in greater lag on the 
first beat of the bar than on the second .... 
[T]here can be little doubt that this relative 
timing was controlled and there was principled 
basis for control (Shaffer, 1983, 11). 
In contrast, reports of deviations of the slower meter 
hand (Beauvillain & Fraisse 1984; McLeod 1975; and Peters & 
Schwartz 1989) imply that this deviation may not be planned 
but simply be an indication that subjects had less control 
with the slower meter hand or that the left hand was 
thought of as being constrained by the right. This 
asymmetric pattern of between-hand/meter variation has been 
used to support models of interference regarding rhythmic 
pattern processing (Beauvillain & Fraisse 1984; McLeod 
1975; Morton 1919-20; Peters & Schwartz 1989). 
______. 
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Despite musicians' extremely low standard deviations, 
whether performance of the slower meter is (a) less 
controlled (error), (b) a deliberate characteristic 
deviation pattern (systematic variation), or (c) a mixture 
of both is not clarified in the literature. What is clear 
is that some systematic variation, such as lengthened or 
shortened intervals accompanied by very low standard 
deviations, would be expected. 
Although musicians acknowledge that a musical 
performance is not musical if played in strict "sewing 
machine" style, thus far no quantified musical model exists 
for planned, deliberate performance variation. Indeed a 
single musical model may not suffice; there may be numerous 
interpretations acceptable even within a given style. 
At this point, the question regarding error can be 
restated in a more focused way: Are there identifiable 
error categories or types (e.g., lagging, anticipation, 
hand reversals, omissions, deviations within one hand)? Do 
these findings have implications for instructional models 
and/or for other disciplines? 
A scoring procedure that uses a mathematically precise 
model of accuracy screens out performances that are 
systematically varied along with those that feature 
unsystematic or unmusical variation. For musicians, it is 
important to distinguish between these two types of 
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performances. Further, if this distinction is valid, 
previous researchers' interpretations of error may well 
need to be reconsidered. Procedures designed for this 
study enabled investigation of variation from the 
mathematical model. In addition, those procedures 
permitted preliminary exploration of potential musical 
models. 
The question of systematic variation is thus shown to 
be multifaceted. In addition to the metronomically precise 
and the imprecise, inconsistent performances, are there 
systematically varied performances? Will it be possible to 
identify precisely patterned performances implying an 
underlying musical standard of patterned consistency that 
musicians implicitly follow? If so, are the patterns of 
one musician comparable to those of other musicians? 
Do Performers Descriptions of Accuracy Correspond to Their 
Actual Performance? 
How aware are subjects of their own variability? How 
accurate are performers' diagnoses of their performances 
when compared with empirical data (graphic and statistical 
displays)? 
Most rhythm researchers have not investigated these 
questions. Ibbotson and Morton (1981) reported that 
subject and experimenter concurred on the spot regarding 
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the success/failure of performance. This unfortunately was 
their only measure of accuracy, so we are left without 
empirical information with which to compare performers' 
diagnoses. 
What Strategies Do Performers Use? 
Information from instruction. Another major area of 
consideration is the role perception/cognition plays in 
motor performance, a largely unexplored field (Connolly & 
Jones 1970, 265; Gabrielsson 1982; Peters 1986). A few 
clues are available in the pedagogical literature. 
One of the most prevalent instructional techniques 
uses verbal cues (mnenomics) to represent the resultant, 
the rhythm combining both meters (Fairchild 1926; Hall, 
1989; Slenczynska, 1980; Standifer & Reeder 1972; Strumph 
1970). For example, "Both, Right-Left Right" and "One, 
Two-And Three" are mnenomics for 2:3. Some teachers 
suggest students "fit one hand in with the other," playing 
both hands together (Hamilton 1910), while other teachers 
recommend students perform each hand separately before 
joining them, keeping hands as independent as possible 
(Cooke 1941; Kullak 1893/1972; Rickaby 1920). Some 
instructors claim that students must be able to hear the 
pattern, and some claim that it must be done by "feel," 
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while others emphasize mathematical or notational 
relationships (Hall, 1989; Slenczynska, 1980). Amoaku, a 
Ghanaian music educator teaching in the United States, 
published an instructional sequence designed specifically 
to teach children 2:3 and 3:4 (1983a, 1983b). He had his 
students focus on the sound of the resultant without 
resorting to verbal mnemonics or mathematical models. 
Each instructor appears to have selected a favorite 
method of introducing the polymeters, and thus far there 
has been no published examination of their relative 
effectiveness. Perhaps because there is so little data, 
and most researchers have not progressed much beyond 
hypothesizing, the role of cognitive factors is replete 
with controversy. 
It appears that motor production can be influenced by 
perception (and perception in turn by motor production). 
Gabrielsson, Bengtsson, and Gabrielsson (1983) speculated 
that the perception of 2:1 is not the same as the 
production and physical sensation of performing 2:1. An 
example of cognitive processing affecting motor production 
was found by McLeod (1975, experiment XI), who observed a 
musician producing patterns of 2:3 and 3:5. Performances 
were similar for (a) the right hand playing one pattern 
with the second pattern performed by the left hand, and (b) 
the right hand tapping one pattern with a second pattern 
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sounded by a metronome. Both were less accurate than 
single right-hand tapping performances. McLeod suggested 
that the attention required to coordinate taps with a 
second rhythm affected performance, whether the second 
rhythm was physically experienced through movement or 
simply was heard. Even if the subjects' perception and 
production differ, isolating internal from external 
processing will continue to be a challenge for researchers 
for some time to come. 
Information from research. Some researchers claim 
that musicians process polymeter as a gestalt, with the two 
meters creating one interlocking, mutually dependent 
pattern (Gabrielsson 1979; Handel 1984; McLeod 1985). In 
this vein, Klapp, even though stating that people in 
general cannot perform polymetric incompatible patterns, 
acknowledged that musicians, because of cognitive 
strategies, might be able to perform them: 
Musical polyrhythms (e.g., 3 against 4) can be 
considered to be ... periods between successive 
beats ... not in harmonic relation, and mutual 
interference should occur. From another 
perspective, considering the overall periodicity 
of the repeating pattern, the two responses lie on 
the same time base and could be produced without 
interference. It is appealing to assume that, 
with practice, a musician can learn to regard the 
response in the latter rather than in the former 
way, thereby mastering the task (Klapp, 1979, 
p. 381). 
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In his 2:3 condition, McLeod surmised that the 
musician was actually beating a tap pattern combining 
rhythms from both hands into a "resultant" (1985, p. 128). 
Gordon (1977) claims: 
... polymetric music ... is audiated as a gestalt. 
That is not to say two or more meters are audiated 
simultaneously. In reality, the musical mind 
assimilates all meters into one (p. 57). 
Deutsch (1983) stated in the abstract of her study 
that "the performer develops a representation of the 
pattern as an integrated whole." 
In playing keyboard instruments, it is easy to 
generate two isochronous sequences in parallel, one 
with each hand, provided that the interval associated 
with one sequence is an integral multiple of the 
interval associated with the other sequence. However, 
when this relationship does not hold (as in the case 
of polyrhythms), performance is surprisingly 
difficult. In order to achieve accuracy, the 
performer generally learns first to produce the 
integrated pattern. and then to associate each 
component of the pattern with the appropriate hand, so 
that the two isochronous sequences finally emerge in 
parallel (p. 331). (emphasis added] 
Another theory is that performers attend to one meter 
in preference over the other, as in a figure-ground 
illusion. Proponents of the figure-ground strategy of 
polymetric processing claim that one meter is attended to 
(as foreground) while the other receives less attention and 
sometimes is best completely ignored (Beauvillain & Fraisse 
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1984; Brown & Deffenbacher, 1979; Gabrielsson 1979; Peters 
1986) . 
With regard to figure/ground, for some musicians the 
term "three against four" implies an underlying anchor of 
four, while "four against three" implies an organization of 
three. In Western music, when referring to 4:3, musicians 
generally think of fitting four into a triple context, 
blending foreground with background patterns. Deutsch 
(1978, 1982), Peters (1986), and Peters and Schwartz (1989) 
theorize that polymeters are not only performed but are 
perceived in this way. 
Oshinsky and Handel (1978) initially found strong 
evidence for foreground/background auditory processing, but 
the fact that subjects were asked to "tap along with the 
main beat" may have predisposed them to concentrate on only 
one meter of the polymeter. 
Beauvillain (1983) inferred, based on performance, 
that nonmusicians' perception of polymetric organization 
was affected by tempo. He concluded that people perceive 
polymeters presented at slow rates as the gestalt 
(resultant), and at fast rates as figure-ground (separate 
streams) (p. 591-592). 
Researchers' claims about perceptual processing are 
almost all based on tapping performance (Beauvillain 1983; 
Beauvillain & Fraisse 1984; Deutsch 1983; Handel & Lawson 
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1983; Oshinsky & Handel 1978). Particularly at slower 
presentation rates, researchers may have been measuring 
performers' inability to perform rather than inability to 
perceive (see Chapter 1 discussion of tempo). Neither 
Gordon nor Deutsch back up their theories with any hard 
data. Additionally at slow tempos the figure/ground theory 
is confounded by a falloff in tap accuracy, since longer 
intervals of any kind (not only polymetric patterns) are 
typically performed less accurately. 
Various researchers have found different kinds of 
performance variability among individuals. Gabrielsson 
(1981), Peters and Schwartz (1989), Pitt and Monahan 
(1987), and Pavel (1977) theorize that different perceptual 
models might be used depending on individuals' experience 
with the polymetric pattern and that these might be 
affected by tempo, pitch, and cuing context. Additionally, 
factors of growth, development, and experience enter in, 
therefore gestalt/figure ground models of perception may be 
a severe overgeneralization. 
The figure/ground metaphor should not be overworked, 
of course, because there are many pieces where the 
concurrent interplay of voices, carried by the two 
hands, makes a simple right/figure left/ground 
metaphor pointless. Nevertheless, it is reasonable to 
claim that both in the historical development of 
composition and in the individual's gradually 
developing mastery of performance, figure and ground 
are initially clearly distinguished, and the 
figure/ground relationship forms the basic structure 
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within which more complex patterns are assimilated 
(Peters 1986, p. 30). 
In spite of these caveats, the gestalt theory 
continues to hold sway over other models (Beauvillain & 
Fraisse 1984; Jagasinski et al. 1988; Peters & Schwartz 
198 9) . 
Since it appears that cognitive processing affects 
performance of polymeter, it will be addressed informally 
in this study. Rather than rely on performance data to 
indicate perception, in this study the musicians themselves 
were asked what strategies they used when performing 
polymeters. 
The subjective responses of the participants were used 
to answer such questions as: What cognitive strategies do 
performers use? Do the most accurate performers differ 
from least accurate performers in their use of strategies? 
Do individuals shift strategies while performing a single 
polymeter and do they change among or between patterns? Do 
strategies subjects use vary according to cuing context? 
Other Information 
Because we have unreliable data regarding performers' 
reports of difficulty, investigating the correspondence of 
subject reports with performance of course has been 
impossible. Accordingly, the following questions were 
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posed to subjects immediately after they completed the 
experiment. 
1. Do you have any general comments about the 
experiment? What did you think of it? How 
did you do? 
2. What strategies were you using to tap the 
polymeters? Were you aware of your strategy 
changing at any time? 
3. Was it difficult to switch hand combinations 
while performing the polymeter? 
4. Which pattern was the most difficult? In 
which were you learning the most? 
5. Was any hand "off" compared to the other? 
6. How did you feel about the mathematically 
precise pattern and the computer sound in the 
stimuli? Did either bother you? 
7. How did you respond to the low and high tones 
of the stimuli; were they associated with any 
hand combination? 
8. What part of the experiment was fun for you? 
To supplement the hypotheses advanced in Chapter 1, 
the additional factors introduced in this chapter were 
incorporated in the research design. These included 
accuracy, types of errors, systematic variation, 
correspondence of performers' descriptions of accuracy with 
their actual performance, and strategies performers 
reported using, as well as additional information gleaned 
from subject exit interviews. 
CHAPTER 3 
METHODOLOGY 
The purpose of this study was to examine musicians' 
skill in producing two different meters (polymetric 
patterns) simultaneously. This chapter describes the 
procedures employed to test hypotheses concerning the 
effects of polymetric pattern, hand dominance, hand 
combination, cuing context, and order of presentation on 
performance. 
Experimental Design 
The first part of the descriptive study employed a 
four-factor repeated-measures design. The 36-item 
performance test consisted of a counterbalanced ordering of 
three polymetric patterns, each presented in six cuing 
contexts, first with one hand combination, then the other 
(Figure 6). Tap evenness scores (discussed in detail in 
Chapter 4) served as the dependent measure of subjects' 
performance ability. 
The second part of the study used data gathered in 
subject interviews to investigate additional issues. 
Information from these interviews was analyzed in 
conjunction with data from the first part. 
Potyaetric Pattern 
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Pianists and percussionists possessing a high degree 
of skill in playing polymetric patterns 3nd who were 
strongly right-handed and possessed normal hearing were 
recruited for testing. In contrast to other musicians, 
pianists or percussionists are trained to play polymetric 
patterns using both hands. 
Because one of this study's hypotheses examined 
subjects' performance of the faster meter of the pattern 
first with one hand and then with the other, to control for 
hand dominance, the study included only strongly right-
handed subjects. Criterion for strength of handedness was 
the subject's self-rating on the Edinburgh Handedness 
Inventory of right-handed on at least nine out of ten items 
with at least three of these rated strongly right-handed. 
The self-assessment inventory was supplemented by observing 
the subject while demonstrating three items from the 
inventory: throwing a ball, striking a match, and brushing 
teeth. (See Appendix c, Forms and Instructions for all 
forms used by subjects.) 
Additionally subjects were asked whether they 
possessed normal hearing. (One subject reported partial 
loss in very high frequency ranges, but as this loss was 
well above experimental stimulus frequencies, the subject 
reported having had no difficulty during the experiment.) 
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Volunteers for the study were solicited through word 
of mouth and through letters and advertisements. About 
forty-five individuals responded and, of these, thirty-
five met the musicianship, handedness, and hearing criteria 
described above. Two of the thirty-five were unable to 
complete the experiment. The data from a third participant 
were lost in transfer between computers. 
Of the thirty-two remaining volunteers, there were 
three professional musicians, three music teachers, eight 
graduate music students, sixteen undergraduate musicians, 
and two high school students. Twelve of them were female; 
twenty were male. Ages ranges from 16 to 57, with a mean 
age of 29.0. Subjects' average number of years on their 
principle instrument (piano or percussion) was 11.7, with 
number of years of lessons and ensemble experience 
(including secondary musical instruments) averaging 24.8. 
There was some overlapping time due to studying multiple 
instruments and/or participating in ensembles simultaneous 
years. 
Each of the subjects participated in a single 
individual session. After reading a brief explanation of 
the experiment and signing a consent form, they were shown 
the apparatus, and given an opportunity to practice tapping 
on it. They performed three polymeters (2:3, 3:4, 4:5) 
with each hand combination. 
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Data Collection Instrumentation 
Collecting tap onsets with the precision required for 
differentiating between tap coincidences with tolerances in 
the one-millisecond range required designing and building a 
special computer-controlled apparatus capable of 
electronically linking left and right tapping pads (dual 
pulse recorder) to equipment recording taps digitally. The 
dual pulse recorder was connected to a computer linked with 
a video monitor and a button box. Configuration of the 
data collection instrumentation is shown in Figure 7. 
Apparatus. The tap surface of the dual pulse recorder 
was constructed so as to be similar to one that musicians 
normally encounter but, to conform with standard tapping 
research, with little auditory feedback. Previous 
researchers have used telegraph keys or other small 
finger-activated switches, but these do not simulate 
musical instruments and often restrict subjects' tapping 
freedom. 
Various surfaces and styli were tried and rejected 
because they were either too inflexible, too damaging, or 
too expensive. For example, one early attempt included a 
bongo with a microphone in each drum head. The sound 
output from standard acoustical instruments proved too 
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taps. Another device involved tapping directly on speaker 
cones connected directly to a computer. These cones were 
not resilient enough to survive the demands of prolonged 
tapping. 
The final choice for the tapping apparatus consisted 
of two Plexiglas sheets measuring 3 inches square and about 
1/16th of an inch thick, each glued to two rubber columns 
mounted over a membrane switch network (Figure 8). Rubber 
eraser columns were chosen because they provided 
flexibility while protecting membrane switches from damage 
during forceful and repeated tapping. This tapping surface 
approximated the configuration of the bongo drum, providing 
a tap surface large enough to accommodate the hand, but 
eliminating the problems associated with other 
instrumentation. 
A Molex membrane switch was chosen because at the time 
of building the apparatus (1983) it was the most sensitive 
switch available, having been tested to tolerances of ±1 
millisecond. Moreover, in contrast to other switches, it 
was not affected by humidity. 1 
Even when strenuously tapped, the dual pulse recorder 
gave off very little sound, averaging 70 to 81 dB when 
1 Molex Switch Products (Lisle, Illinois 60532) kindly 
donated the membrane switch pads for this study. 
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Figure 8. Two Views of the Dual Pulse Recorder 
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recorded above the apparatus at subjects' ear level in a 
sound-attenuated room with a background level of 12.5 dB. 
All measurements were done with a Brue! & Kjaer Model 2209 
sound-level meter at "A" weighting for slow response time. 
The dual pulse recorder was attached to a table in a 
sound-attenuated room. The room, a floating IAC module 
designed for sound-sensitive data collection, is located in 
the Systematic Musicology laboratory at the University of 
Washington. A monaural speaker was mounted on the wall 
directly in front of the participants. Use of a single 
speaker minimized problems with ear and hemispheric 
differences as well as problems with cuing for hand 
combination. Loudness was set at a comfortable listening 
level. 
On the table, along with the dual pulse recorder, was 
a video monitor, a button box, and a cuing light. The 
monitor, a Hazeltine 1500, displayed instructions (see 
Appendix D, Video Monitor Instructions). All but two keys 
of the monitor keyboard were covered; these two keys served 
as a button box. Subjects pressed one key to begin tasks 
and a second to repeat segments. A red light-emitting 
diode (LED) light attached to the monitor served as a cuing 
device to indicate when data were being recorded. 
The dual pulse recorder, the speaker, and the monitor 
were interfaced with an Able 60 Computer (New England 
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Digital Co.) a high speed, 32-bit mini-computer and a 
Synclavier. The Synclavier, a 16-voice digital 
synthesizer, and the computer were in turn linked with 
several peripherals, including an I/0 board and a real-time 
clock. The computer accessed two channels of the I/0 board 
for input, one for left- and one for right-hand taps. Data 
were recorded as timelines on computer disks and were 
immediately printed as hard copy for backup purposes. The 
data collection apparatus was established to be accurate to 
within 1 millisecond. 
Stimuli. Table 4 illustrates a single performance 
block, showing what subjects heard over the speaker while 
tapping. Auditory cuing sequences (Figure 9), controlled 
by the computer and displayed on the video monitor, led 
subjects through the six performance blocks of the study, 
each block containing six cuing contexts. At the 
beginning of each cuing context, subjects were instructed 
which polymeter (2:3, 3:4, or 4:5) to tap, which hand 
combination to use, and which cuing context would be heard 
over the speaker (Appendix D, Video Monitor Instructions). 
After subjects completed one performance block, they 
continued on to the next block when ready. 
When each performance block had been completed and a 










Sample Performance Block Script 
Pattern Instructions on Video Monitor 
2:3 PLAY 2 WITH YOUR LEFT HAND AND 
3 WITH YOUR RIGHT HAND. 
There will be no sound cues. 
2:3 PLAY 2 WITH YOUR LEFT HAND AND 
3 WITH YOUR RIGHT HAND. 
Play along with the sound you 
hear. The first beat of each 
measure will be sounded. 
2:3 PLAY 2 WITH YOUR LEFT HAND AND 
3 WITH YOUR RIGHT HAND. 
Match what you hear exactly. 
2:3 PLAY 2 WITH YOUR LEFT HAND AND 
3 WITH YOUR RIGHT HAND. 
Play along with the sound you 
hear. Keep playing with the 
beat after the pattern stops. 
2:3 PLAY 2 WITH YOUR LEFT HAND AND 
3 WITH YOUR RIGHT HAND. 
Match what you hear exactly (as 
above). 
2:3 PLAY 2 WITH YOUR LEFT HAND AND 
3 WITH YOUR RIGHT HAND. 
Play along with the sound you 
hear. Keep playing even after 
the pattern stops. Maintain 
the same tempo. 
(Next Performance Block (with reversed hand combination)] 
Uncued 3:2 PLAY 3 WITH YOUR LEFT HAND AND 
2 WITH YOUR RIGHT HAND. 
There will be no sound cues. 
Seconds elapsed: 
Cuing Context: 
1 Uncued Hear 
Play 
2 Pulse Hear 
Play 
3 Imitate 1 Hear 
Play 
4 Continue/Uncued Hear 
Play 
5 lmi tate 2 Hear 
Play 





2:3 at own pacec 
X X X X X X 
2:3 2:3 2:3 2:3 2:3 2:3 
2:3 2:3 2:3 2:3 2:3 2:3 
2:3 2:3 2:3 2:3 2:3 2:3 
2:3 2:3 2:3 2:3 X X 
2:3 2:3 2:3 2:3 2:3 2:3 
2:3 2:3 2:3 2:3 2:3 2:3 
2:3 2:3 2:3 2:3 2:3 2:3 
2:3 2:3 2:3 2:3 C 
2:3 2:3 2:3 2:3 C 
I 
Recording a 
( no cues ) 
C 2:3 > 
X X X 
2:3 2:3 2:3 
2:3 2:3 2:3 
2:3 2:3 2:3 
X X X 
2:3 2:3 2:3 
2:3 2:3 2:3 
2:3 2:3 2:3 
no cues 





( no cues ) 
C 2:3 > 
X X X 
2:3 2:3 2:3 
2:3 2:3 2:3 
2:3 2:3 2:3 
X X X 
2:3 2:3 2:3 
2:3 2:3 2:3 
2:3 2:3 2:3 
Note: Subjects could repeat each cuing context up to three times before recording. 
a A red LED light on the CRT signaled the 10-second recording period. 
b It was possible in the 10-second recording period to play from six to ten repeats of the 
pattern, depending on pattern complexity and ten1)0. 
C Or 3:2, 3:4, 4:3, 4:5, 5:4. 
Figure 9. Aural stimuli Associated with Tapping Tasks. 
"beep," alerting subjects to attend to the changes in 
direction regarding pattern and hand combination. 
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Performances were self-paced; subjects could practice 
or rest after any task by delaying pressing the record 
button. In addition, subjects had three chances to re-
record each cuing context. Subjects were instructed that 
recording would begin midway through their performance of 
each polymeter. At this time the red LED light lit up and 
continued for ten seconds. 
Cuing contexts. The first cuing context was an 
uncued condition in which the subject was to play a given 
polymetric pattern without any auditory cuing. This 
condition was always presented first because it required 
that no previous tempo or cuing context be provided. In 
the next cuing context, Pulse, subjects heard pulses 
indicating onsets of each pattern. This condition was 
presented second to allow subjects to be cued for tempo but 
not for polymetric pattern. Subjects first heard a given 
polymetric pattern in the third cuing context, Imitate 1, 
where they synchronized with the mathematically precise 
computer stimulus. 
In the fourth context, Continue/Pulse, subjects began 
by synchronizing with the pattern which was then 
discontinued and replaced with a pulse before responses 
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were recorded. This has been referred to by previous 
researchers as continuation mode (Peters 1990). The fifth 
context, Imitate 2, was exactly the same as Imitate 1. 
Duplication of this context allowed detecting possible 
practice effect. The final context in the block was 
Continue/Uncued, where subjects began in synchrony with the 
pattern which was then discontinued during recording. 
The progression of cuing contexts within each block 
was invariant so that during the Uncued and Pulse 
conditions, subjects heard no examples of the polymeter. 
In cuing contexts where the tempo could be preset, 
patterns or pulses were presented at rates matching those 
used in previous studies. Tap rate was held constant at 
333 milliseconds in the faster meter of each polymeter. 
For example, in the three of 2:3 the interval was 333 
milliseconds, the same as the interval of the four in 3:4 
and the 5 in 4:5. This means that polymeters with more 
taps were performed at the same overall rate as those with 
fewer taps. 
Timbre and Pitch. Presenting the polymeter over a 
single loudspeaker necessitated isolating the two meters. 
Each of the two meters (faster and slower) was assigned a 
specific timbre and pitch combination which was held 
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constant throughout the study. This technique was used by 
Pitt and Monahan (1987), who found that different 
polymeters were easier to discriminate when pitch intervals 
were held constant. The faster meter of each polymeter 
pitched at mid-keyboard range was presented as a sharp 
attack square wave modified to sound more musical. The 
slower meter was about a fourth above using a different 
modified square wave. This pitch/timbre combination was 
held constant throughout the study. 
Selecting only one pair of timbres for the stimulus 
was necessary because if the pitch/timbre had been changed 
at the point where the hands were reversed, the variable of 
hand combination would have been confounded by the variable 
of pitch/timbre, that is, that the subjects would associate 
the lower pitch with the faster hand rather than the faster 
meter. Although it would have been possible and 
interesting to examine many possible pitch and timbral 
options, these were not essential for testing the 
hypotheses in this study. 
Order of Presentation. In order to minimize order 
effects of fatigue and practice, presentation of patterns 
was counterbalanced across subjects using three orders, as 
shown in Table 5. Starting polymetric pattern was 
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Table 5 
Presentation Order of Polymetric Patterns 
Order Polymetric and Hand Combination Sequence 
1 2:3 3:2 3:4 4:3 4:5 5:4 
L R LR L R LR L R L R 
2 3:4 4:3 4:5 5:4 2:3 3:2 
L R L R L R L R L R L R 
3 4:5 5:4 2:3 3:2 3:4 4:3 
L R L R L R L R L R L R 
automatically assigned to subjects by the computer program 
according to the order in which they appeared for testing. 
Pilot study 
Three subjects participated in a pilot study to test 
the instrumentation and give the experimenter and 
assistants an opportunity to practice the procedures. It 
was discovered that a series of checklists and diagrams 
would be needed to ensure that equipment in all rooms was 
correctly functioning, that the correct and forms were 
being used, and that all logging-in procedures were 
consistent for each subject. 
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The pilot subjects were asked about various aspects of 
the experiment, including stimulus loudness, clarity of 
instructions, the length of performance tap time, ease of 
use of the button box, ease of performance on the dual 
pulse recorder, and any other general comments regarding 
ways to improve the experiment. 
The pilot study confirmed the adequacy of the 
methodology but indicated the need for more consistent 
interview questions, so these were revised. 
Procedures 
The experimenter greeted each subject at the 
Systematic Musicology laboratory and briefly discussed the 
nature of the experiment. Subjects were asked to confirm 
availability for a 60-minute period and to verify 
musicianship, right-handedness, and ability to perform 2:3 
by tapping on a table. In another room, they read a 
description of the experiment, signed the consent form, 
completed the handedness inventory, indicated normal 
hearing, and filled out a musical background and experience 
inventory {Appendix C). 
After being shown the sound attenuation room setup and 
after having an opportunity to practice tapping on the dual 
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pulse recorder, subjects were instructed to do their best. 
The subjects were also informed that if they wanted to try 
again (up to three times), they should press the "repeat" 
button on the button box. Tap times would not be recorded 
until they pressed the "record" button on the button box 
and the red LED lit up. Because performance blocks without 
performance responses would cause the system to hang up, 
subjects were instructed to tap randomly in those 
performance blocks they could not perform. 
The subject was told that the experimenter would be 
available in an adjacent room if the subject had any 
problems, and that he or she could rest by delaying 
pressing the record button or stop the experiment at any 
time in the same way. If there were no further questions, 
the subject was left alone to proceed with the experiment. 
Subjects were provided with instructions on the video 
monitor. At the beginning of each block (as shown 
previously in Table 4), subjects were instructed which 
polymeter to tap, which hand combination to use, and which 
cuing context would be played over the speaker. After 
subjects completed one such block, they went on to the 
second with the reverse hand combination. 
Upon completion of the experiment, each subject 
answered a series of questions related to performing 
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polymeters (Appendix C). Subjects were then thanked and 
paid $3.50. 
critique of Methodology 
A few problems were encountered in the design or 
execution of the study that bear mentioning. 
Unfortunately, the experimental design inadvertently 
may have confounded order of hand combination and hand 
effects, because all six cuing contexts of one hand 
combination (the right hand playing the faster meter) were 
always presented first before the reversed hand 
combination. 
Another related problem was unavoidable. Cuing 
context order was carefully chosen so that subjects could 
begin tapping each polymeter without having heard a 
computer model (Uncued and Pulse contexts). But by the 
time subjects encountered the reverse hand combination 
(second performance block), they had already heard and 
practiced the pattern in the first block. 
Four subjects reported experiencing fatigue. Although 
relatively short, test length varied according to subjects' 
self-pacing. Counterbalancing order of polymetric pattern 
mitigated the influence of serial order effect, but 
this effect remains a potential problem in research of this 
kind. 
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Another potential problem was the association of 
pitches with meter. The faster meter was always presented 
at the lower pitch because, as has been explained, it was 
desirable to avoid confounding pitch/timbre, meter, and 
hand combination. This association may have been a problem 
for pianists, who usually perform lower pitches with the 
left hand. Pilot study subjects reported that this was not 
an important issue, however it was decided to check with 
experimental subjects to determine whether this was a 
problem for them. 
Two subjects reported perceiving a change of tempo or 
a "glitch" (a slight millisecond delay) in the Continue/ 
Pulse context when the program moved from providing the 
exact model (Continue) to providing only the pulse. 
Because the glitch would have come 10 seconds prior to 
recording of subjects' tap data, it was considered not to 
be a confounding factor. 
One subject stopped early in the experiment and 
reported that the loudspeaker had malfunctioned. The 
speaker was repaired and the subject came back another day. 
Three subjects reported having problems with operating 
the button box. One subject said she had pressed the 
repeat button rather than the record button, another simply 
forgot to press the button, and one claimed the button 
didn't register. This meant that the data in this section 
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were either lost or were less practiced than desired. In 
no case were subjects prevented from continuing the 
experiment. 
Four subjects reported having problems switching hand 
combination: 
I made a mistake the first time; I kept the same hand 
combination for 3:4 for some performances after the 
switch was required. (Subject 3) 
I think I played the wrong hand combination in 4:5. 
The first one in the repeated section after the bleep 
was when I noticed it. I'm not sure if it was the 
fifth or sixth of the first section. (5) 
I realized I switched hands midway ... on the last 
one. (15) 
4:5 was hard. 
combination. 
I don't know if I used the right hand 
(23) 
During the transfer of the data from the data 
collection computer to the mainframe computer, one 
subject's data were lost. Another subject's data were 
deleted inadvertently during statistical analysis. 
Implications of these problems will be discussed in 
the analysis and discussion chapters. 
CHAPTER 4 
PREPARATION OF DATA FOR STATISTICAL ANALYSIS 
Before a dependent variable could be obtained and any 
analyses carried out, the raw data generated in this 
experiment received a series of five systematic treatments, 
including (1) removing artifacts, (2) displaying the data, 
(3) extracting complete measures, (4) normalizing data, and 
(5) computing tap evenness. 
Removing Artifacts 
To ensure the accuracy of the recording and 
transmission of scores on diskette for data and graphics 
analysis, all raw data were printed out on hard copy prior 
to any treatment. Each tap was represented in real-time 
milliseconds configured on a timeline, as shown in Table 6, 
columns 2 and 5. 
Examination of the timelines revealed taps in one hand 
that appeared to follow other taps too closely. In Table 6 
note that the subject's left hand contains extra taps 
(starred), or alleged "bounces," occurring regularly after 
coincidences of both hands. Given the requirement of the 
whole hand tapping, these double taps were considered 
Table 6 
























































































Note: Underlining indicates at which both hands 
coincided, beginning the measure. 
a In milliseconds. 
















physically impossible to produce and, given the experience 
of the musician subjects, highly unlikely. It was decided 
that these were artifacts caused by an instrumentation 
problem. The dual pulse recorder has a flexible plastic 
tap surface which slants slightly when tapped at an angle. 
When the subject's hand hit the membrane at an angle rather 
than straight up and down, the dual pulse recorder 
activated two receiver sites on the membrane pad. In 
effect, a second message, or bounce, was sent to the 
computer. 
To debounce the data, a computer program searched for 
pairs of taps occurring less than 200 milliseconds apart, 
deleted the second tap of each pair, and created revised 
"debounced" timelines. This 200-millisecond cutoff point 
was chosen to minimize the number of artifacts without 
deleting authentic taps that were performed at a slightly 
faster rate than the maximum tap rate of 333 milliseconds. 
To confirm the accuracy of the computer debouncing, 
one subject's timelines were hand-scored and no differences 
were found between the hand- and computer-debounced 
results. Further, any remaining bounces would have been 
detected in subsequent steps. 
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Displaying the Data in Pictorial Timelines 
In the second step, a graphics program was created to 
display the debounced data, as shown in Figure lOa. Taps 
are displayed as vertical lines perpendicular to the 
horizontal line, with those above the line representing the 
left hand, and those below, the right hand. (Note that 
contrary to all other figures in this text, the pictorial 
timelines shown in Figures 10 and 11 display the left hand 
above the right.) Time between taps is represented both by 
vertical line length and distance between lines. The small 
squares capping each vertical line make it easier to 
distinguish tap-interval variation. 
The timelines revealed that, in addition to the 
subjects who performed with near mathematical precision 
(Figure 10a) and those who were inaccurate (Figure lOc), 
there were subjects who performed in a precisely patterned 
manner, as exemplified by the data shown in Figure 10b. 
For purposes of this discussion, these types of 
performances will be referred to as "mathematically 
precise," "inaccurate," and "systematic." The following 
analyses were constructed such that all three types of 
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Figure 10. Pictorial Timelines of Three Individuals' 
Performances of 3:4, illustrating (a) 
mathematically precise, (b) systematic 
performance, and (c) inaccurate performances. 
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Extracting Complete Measures 
In viewing the pictorial timelines, it was apparent 
that some measures were incomplete, as shown in Figure 11. 1 
Each timeline was examined for missing taps using a 
specially designed computer program that identified 
unbroken series of at least four consecutive measures. To 
establish beginnings of measures, the program searched for 
nearly coincident left- and right-hand taps. Since the 
hands rarely coincided exactly, taps were considered to be 
at coincidence if differences between hands were within 200 
milliseconds. The program then examined each measure for 
the correct numbers of taps. A measure was not considered 
complete unless the subject began the subsequent measure 
with coinciding taps. 
Finally, the program determined whether there were 
enough complete measures to constitute an unbroken series. 
Timelines with fewer than four consecutive complete 
measures were shown as "insufficient data" and excluded 
from further statistical analysis. They were, however, 
1 Previous researchers' graphic displays also reveal 
some tap series containing extra taps, which would 
influence computer scoring systems that averaged intervals 
between taps. If measures including extra taps are omitted 
from the series to be scored (as is sometimes done in hand 
scoring), tap accuracy scores would be radically different. 
If on the other hand a tap series with one tap missing were 
to be eliminated as data, much useful information would be 
lost. 
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Figure 11. Pictorial Timeline of Missing Taps 
included in the descriptive analysis discussed in 
Chapter 6. 
Normalizing Data/Superimposing Measures 
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As previously stated, there was wide variation in 
tempo choice, particularly in the Uncued section where 
elapsed time for a single measure varied from approximately 
1.2 to 3 seconds. In order to visualize the data more 
easily and to provide a standardized quantity for computer 
analysis, each measure was subjected to a normalizing 
procedure. Each measure's initial coincidences were 
normalized too milliseconds, as shown in Table 7. Note 
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that the real time intervals between taps remain unaltered 
and that no attempt was made to convert performances to 
standardized tempos. 
Normalizing measures allowed superimposition 
(stacking) of all measures in a series, as shown in 
Figure 12. Note that although the right hand plays four 
taps, five vertical lines are shown. The first line, at 
the zero point, represents the normalized initial 
coincidence. The fifth vertical line represents the 
initial coincidence of the next measure, necessary for the 
previous measure to be considered complete. Note that 
there is no variability around initial coincidences (first 
vertical line), but that this variability is accounted for 
in the last interval (fifth line). 
In Figure 12, the variability within each line 
grouping indicates variability around each tap while the 
distance between vertical line groupings indicates the 
variability of the interval between taps. Differing 
degrees of variability around each tap may be seen by 
comparing the graphs of cuing contexts 1 and 2 (Uncued and 
Pulse) shown in parts a and b of Figure 12. Although the 
average interval placement and variability from 
mathematical precision might be the same, the variability 
of tap placement in the first context is systematic but 
88 
Table 7 
sample Normalized Timelinea 
Tap 
1 2 3 (1) 
MEASURE 1 
Real-time: ,2b 322 648 982 
Normalized: 000 313 639 973 
MEASURE 2 
Real-time: 982 1301 1630 1971 
Normalized: 000 319 648 989 
MEASURE 3 
Real-time: 1971 2296 2633 2978 
Normalized: 000 325 662 1007 
Note: Normalizing was computed separately for each 
hand. 
a Right hand performing three in 2:3. 
b In milliseconds. Underlining indicates 
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Superimposed Measures of One Individual's 
Performance of 3:4 (a) in Uncued cuing context, 
and (b) in Pulse cuing context. 
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less so in the second. Implications of these differences 
in variability will be discussed further in Chapters 6 
and 7. 
Computing Tap Evenness 
A variety of scoring models to compute tap evenness 
was considered. Early researchers (Heinlein 1929; Jersild 
& Bienstock 1935) scored subjects' tapping as either 
accurate or inaccurate based on whether taps fell within a 
certain criterion distance from the original stimulus. To 
be accurate, taps had to fall within a given millisecond 
range or "bin" of time. This bin model has inherent 
limitations: It lacks the flexibility to accept varying 
measure lengths, and furthermore it is impossible to 
determine valid bin widths when patterns are performed at 
different tempos. 
With the advent of computer-scored programs, many more 
aspects of tap performance can be considered. An 
alternative form of the bin model calculated deviation 
scores-for example, how far each tap deviated from a 
template (Deutsch 1983; Jagacinski et al. 1988; Pavel & 
Essens 1983). This procedure distinguishes mathematically 
precise tapping from inaccurate tapping, but fails to take 
into account systematic tapping featuring unequal intervals 
throughout measures, and fails to allow determination of 
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whether such intervals are systematic variation or error. 
That is, mathematically precise performances would have 
been scored as accurate, and inaccurate performances would 
have been scored as inaccurate. The problem comes with 
systematic performances, which also would have been 
classified as inaccurate, some of which may have been 
desirable and correct from a musical standpoint. 
Osburn (1981) used a bin model modified to allow for 
differences in tempo. A margin of error in the form of a 
percentage or proportion was allowed between taps within 
measures; slower taps had correspondingly larger bins. 
This procedure was ruled out for the current study because 
it necessitated hand scoring, and because using percentages 
and proportional scoring would have been prohibitive with 
the large data sets generated in this study. These 
problems would have been exacerbated by the added problem 
of tempo variability (i.e., in Uncued and Continue/Uncued 
contexts). 
A major issue affecting scoring is that of nonuniform 
tap placement within measures. In describing musicians' 
performances of lag and anticipation, Bengtsson and 
Gabrielsson (1980) used a descriptive approach when they 
presented deviations from strict metrically perfect 
performance not as indicators of error but as indicators of 
how musicians placed onsets differently from mathematically 
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precise performances. They presented individual data 
probably because no single version could serve as a generic 
template. 
A major step forward in scoring was achieved when 
' 
instead of using deviations from a perfect template, 
researchers began reporting performance as standard 
deviations around the actual tap interval mean (McLeod 
1975), providing a range of evenness in tapping. Using a 
descriptive approach, Duncan (1979), Kolers & Brewster 
(1985), McLeod (1975), and Peters (1985b) graphically 
presented composite measures of subjects' taps compared to 
mathematical models. These graphics reveal bins of 
intervals within which taps occurred. (Clearly, different 
tolerances in scoring with more or less stringent bin 
widths would result in different accuracy interpretations 
for the same data.) 
Shaffer (1980, 1981) found asynchronies between left 
and right hands at first and second beats in the measure 
during performances of 3:4. In this procedure, differences 
between tap onsets from beginning coincidences to each next 
beat were measured and averaged, plotted as curves of 
"timing deformation" in a measure. 
Kolers and Brewster (1985) in a simple rhythm study 
reported that subjects' tap distribution scores were not 
normally distributed because of the near perfect accuracy 
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of some subjects. Accordingly, they followed Scheffe's 
1959 recommendation of using logarithms of the standard 
deviations in their calculations. This procedure was 
followed in this study. 
Another descriptive procedure used a scoring system 
that allowed for display and calculation of individual 
musicians' patterning among intervals between the left and 
right hand (Jagacinski et al. 1988; Peters & Schwartz 
1989). Although they were calculating variances and 
covariances to compare predictions of timing models with 
actual performance, not the goal of this current study, 
these procedures come the closest to solving the problems 
encountered in this study. 
All of the aforementioned problems were taken into 
account by choosing to use a descriptive rather than 
prescriptive scoring procedure. 
In all rhythm studies, it is important to remember 
that taps are not independent, since the placement of one 
tap depends on placement of others within the context of 
multiple measures. Thus neither raw nor deviation scores 
can be interpreted in the same manner as data in other 
fields where timing and time context are irrelevant. Thus 
variability around each tap was chosen as the dependent 
variable, and exploratory analysis was done to determine 
whether scores were skewed, as reported by Kolers and 
Brewster (1985). 
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Figure 13 illustrates procedures used to compute 
standard deviation scores. First, millisecond intervals 
were calculated for each interval (e.g., all first 
intervals for the complete series, all second intervals, 
etc.). Interval differences between beginning coincidence 
and the next tap in the complete series of measures (shown 
as triangles in Figure 13) were averaged and a mean was 
obtained (x1 ). A standard deviation was computed for 
variability around this mean. 
After standard deviations were computed for each mean 
(SD1 , so2 , ... SDn) all standard deviations were averaged 
across all taps to obtain an average standard deviation 
score for each hand. These average standard deviations 
were used as the dependent variable for determining 
evenness between left and right hands. 
To produce a single score for each timeline, average 
standard deviations from both hands were themselves 
averaged to produce an overall average standard deviation. 
These were used to compare aspects of evenness for 
experimental hypotheses when a single score for each 
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These two dependent variables-average standard 
deviation and overall average standard deviation-
accommodated both mathematical and systematic performance. 
The formula used to compute these standard 
deviations-a standard in descriptive research-is shown in 
Figure 14. It treats "n" as a discrete measure rather than 
as an estimate. 
50composite 
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- 2 
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sum of all x1 , 2 , 3 ... n 
delta mean 
mean of beat 
the number of measures times 
number of beats per measure 
Figure 14. Standard Deviation Formula. 
the 
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The number of complete measures within in an unbroken 
series ranged from four to seven complete measures within a 
given performance block. An analysis comparing the 
standard deviations of shorter and longer sequences 
revealed that there was no systematic bias attributable to 
number of measures in the sequence. This allowed all 
successful runs of four or more measures to be collapsed 
for statistical comparison. 
After receiving the series of treatments described in 
this chapter (removing artifacts, displaying the data, 
normalizing, extracting complete measures, and computing 
tap evenness), the data were then ready for further 
statistical and descriptive analyses. 
CHAPTER 5 
STATISTICAL ANALYSIS: RESULTS AND DISCUSSION 
Standard deviation scores served as the dependent 
measures of accuracy with which musicians performed 
polymetric patterns under different conditions of pattern, 
hand combination, and cuing context. Results were analyzed 
in a multiple and univariate analysis of variance. 
Preparation for Analysis of Variance 
Statistical summaries were created using data of 
complete measures for each cuing context timeline (see 
Appendix F). These summaries listed such details as number 
of complete measures, number of times each hand entered 
first at coincidence, and average placement of each tap in 
milliseconds. Standard deviations from these summaries 
produced data for statistical analysis (presented in 
Appendix G, Individual Accuracy Scores). Average and 
overall average standard deviations are summarized as shown 
in Figures 15 and 16. 
In Figures 15 and 16, subject number is listed down 
the left margin. Polymetric pattern scores are presented 
horizontally, in 2:3 to 3:4 to 4:5 sequence. Hand 
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blocks (six cuing contexts each) are shown in left to right 
sequence. 
In the boxes in Figure 15 left- and right-hand average 
standard deviations are shown coded from darker (high 
accuracy, low standard deviation) to lighter cross-hatching 
(low accuracy, high standard deviation), with blank areas 
indicating insufficient data. 
In the boxes in Figure 16, both hands' averages are 
shown as overall average standard deviation, and coded in 
millisecond gradations according to the same scale as in 
Figure 15. 
Figures 15 and 16 show that few subjects were able to 
perform all tasks with the same degree of success. The 
preponderance of lighter boxes in the columns to the right 
indicates that these patterns were performed with higher 
variability (i.e., many subjects had difficulty with 4:5 
and 5:4 tasks). 
Before the analysis of variance was undertaken, 
several exploratory analyses were carried out to determine 
whether distributions were normal and whether further 
analysis of some factors was justified. 
Notched boxplots, a form of display analysis, revealed 
that distributions were highly skewed due to the high level 
of accuracy of these subjects. Accordingly, as in 
Jagacinski et al. (1988), it was decided that logarithms of 
the average standard deviations would be used in 
statistical analysis. 
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Unlike typical statistical analysis, rhythmic tap 
analysis implies that no tap is independent of neighboring 
taps, but is situated in relationship to taps before and 
after it in the immediate measure, continuing within the 
phrase, period, section, or movement. Counting each point 
and averaging it among all the other points in a sense 
confuses signal and noise. 
Data in this experiment were nonparametric in that 
taps were not independent and distribution of data points 
was skewed, hence the assumptions necessary for analysis of 
variance were violated. Further, the number of subjects 
per cuing context was unequal. Procedures that 
compensated for these deficiencies included conducting 
exploratory data analysis, eliminating subjects with severe 
variance, transforming raw data to logged scores prior to 
analysis, and using statistical programs appropriate for 
data with unequal cell sizes. 
No significant difference was found for order of 
performing polyrnetric patterns, so data were combined 
across orders in subsequent analysis. All other factors 
warranted further analysis. 
Ninety-five percent of the standard deviation scores 
fell within 49.2 milliseconds, and 98 percent fell within 
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74.2 milliseconds. The remaining 2 percent of the scores 
(outliers-plus or minus two standard deviations) were 
distributed throughout the entire sample, with the 
exception of two subjects, each of whose combined data sets 
had more than ten outliers, indicating probable lack of 
performance control. As in Beauvillain and Fraisse (1984), 
these two subjects were eliminated from further analysis. 
This left a total of twenty-nine subjects in the 
experimental sample. Individual accuracy scores for all 
subjects are included in Appendix G. 
Findings and Discussion of Experimental Hypotheses 
Mean standard deviations overall are presented in 
Table a. Using a program appropriate for data whose cell 
sizes are unequal, a multiple analysis of variance (MANOVA) 
was performed. The following main effects were observed to 
be significant: pattern, hand, and meter. Significant 
interactions were found for meter and hand and for pattern, 
meter, and hand. cuing context was partitioned in the 
analysis but not dealt with statistically at this time. 
Table 9 summarizes MANOVA findings. 
Handedness. rt was hypothesized that the dominant 
hand would be superior: 
< 
Table 8 
Mean Standard Deviations overalla 
Polymetr;c Pattern/Hand Comb;nat;on 
Cuing 
Contextb 2:3 3:2 3:4 4:3 4:5 5:4 
13.60 10.56 21.40 21.35 33.38 23.88 
2 20.89 15. 78 23.61 23.51 39.23 28.74 
3 15.41 13.00 17 .16 18.83 19.63 21.92 
4 14.96 14.84 17.56 21.94 26.38 26.92 
5 12.70 12. 73 16. 75 17.36 23.92 17. 75 
6 11.96 10.43 16.99 15.82 22.21 19. 74 
a In milliseconds, collapsed across all subjects and three orders of presentation. 
b Cuing contexts were: (1) uncued, (2) Pulse, (3) lm;tate 1, (4) Cont;nue/Pulse, 
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As predicted, the right hand was more accurate than the 
left. Standard deviations were .5269 for the right hand 
and .5602 for the left hand, a small but significant dif-
ference (E (1,28) = 5.11, ~ < .05). Thus the null hypothe-
sis was rejected. These strongly right-handed musicians 
apparently were unable to overcome the dominance effect. 
Meter. The second hypothesis suggested that 
performance accuracy is affected by meter; specifically, 
within polymeters the faster meter would be performed more 
accurately than the slower one. 
Faster metersd < Slower metersd 
Standard deviations across all polymetric patterns were 
.5364 for the faster meter and .5468 for the slower meter. 
The analysis of variance confirmed this difference as 
significant (F (1,28) = 22.14, R < .001), permitting a 
rejecton of the null hypothesis. 
Hand combination. It was hypothesized that 
performance of a pattern with the dominant hand performing 
the faster of the two meters would be more accurate than 
performance by the reverse hand combination. That is: 
L(fewer taps)/R(more taps) 5 a < 
L(more taps)/R(fewer taps)sd 
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The fact that some subjects switched hand combination 
within or between performance blocks is not a problem for 
this analysis as the data for these subjects were not 
included in this analysis. 
This hypothesis in effect predicts an interaction of 
hand and meter, and an interaction was found (F (1,28) = 
7.69, Q < .01), however, in the reverse direction of that 
predicted. 
Unfortunately, the experimental design confounded the 
order of hand combination. That is, one hand combination 
(the right hand playing the faster meter) was always 
presented before the reversed hand combination. With this 
ordering, one would expect this to be facilitative to the 
second hand combination due to practice, and it was, as 
shown in Figure 17. The figure, with data shown as logged 
standard deviations, reveals only slight differences 
between data points. However, when the raw data are 
examined, the reason a significant interaction was found 
becomes more apparent. When the right hand played the 
faster meter (lower right point in the figure), standard 
deviations averaged 18.68 milliseconds (log 2.78) and when 
it played the slower meter, 19.33 (2.79). However, when 
the left hand played the faster meter, standard deviations 
averaged 18.34 milliseconds (log 2.72) compared with 22.05 
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Figure 17. Interaction of Hand and Meter (Hand Combination). 
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difference. Because the equipment was only accurate to ±1 
millisecond, the differences between all but the left-slow 
combination must be viewed with caution. 
It was therefore not possible to reject the null 
hypothesis. Further invesigation taking care to 
counterbalance order will be needed to determine whether 
the hypothesis has merit. In addition, the fact that this 
interaction is significant requires reexamining the main 
effects of hand and meter. Although the main effects for 
hand and meter showed the right hand to be significantly 
more accurate than the left, and the faster meter to be 
significantly more accurate than the slower, Figure 17 
shows that these are true only because the left hand is 
much less accurate in the slower meter context. 
Polymetric pattern. It was hypothesized that there 
would be a difference in performance accuracy as a function 
of polymetric pattern. That is, variability would be less 
for 2:3 than for 3:4, and less for 3:4 than for 4:5. That 
is: 
Polymeter fewer tapssd < 
Polymeter more tapssd 
Standard deviations were .4179 for 2:3, .5224 for 3:4, 
and .5545 for 4:5. This difference was found to be highly 
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significant, f (2,56) = 64.55, 2 < .001. The pattern 2:3 
was performed with the lowest standard deviation (the most 
accuracy), and 4:5 with the highest standard deviation 
(least accuracy) of the three patterns. The null 
hypothesis was rejected in the MANOVA. Even without a 
post-hoc analysis, the general finding of significiant 
differences among the three patterns confirms findings of 
Beauvillain and Fraisse (1984) and Deutsch (1983). 
To determine which polymeters were significantly 
different from each other, a Student Neuman-Keuls test 
(Table 10) was conducted. It revealed the three polymeters 
to be significantly different from each other. As 
expected, the most accurately performed polymeter was 2:3, 
followed by 3:4, and then 4:5. 
Table 10 
Results of Student-Newman-Keuls Analysis 
for Polymetric Pattern 
Polymetric Pattern 





a Each pairwise comparison was significantly different 
at the .OS level of significance. 
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Cuing context. It was hypothesized that accuracy 
would be affected by cuing context: 
Uncued t Pulse t Imitate 1 ~ 
Continue/Pulse t Imitate 2 t Continue/Uncued 
Because there were missing data for some subjects in 
some cuing contexts, MANOVA could not be used to test this 
hypothesis. A univariate analysis of variance revealed 
standard deviations of .5823 for Uncued, .5074 for Pulse, 
.4378 for Imitate 1, .6034 for Continue/Pulse, .4582 for 
Imitate 2, and .4509 for Continue/Uncued, a significant 
difference as shown in Table 11 (I (5,1764) = 17.1, 2 
< • 0001). 
To determine which cuing contexts were significantly 
different from each other, a Student Neuman-Keuls test 
(Table 12) was conducted. It revealed the three groups to 
be significantly different from each other. The most 
accurately performed cuing contexts-3 (Imitate 1), 
5 (Imitate 2), and 6 (Continue/Uncued)-were not signifi-
cantly different from each other but were significantly 
better than the next grouping. Cuing contexts 4 
(Continue/Pulse) and 1 (Uncued) formed this more variable 
group, leaving cuing context 2 (Pulse) as the most 
variable. 
Table 11 


















Results of student-Newman-Keuls Procedure 








2.64 2.87 2.85 





a Underlines indicate subsets of groups whose highest 
and lowest means do not differ by more than the 
shortest significant range for a subset of that size, 
p < • 05. 
-
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The finding that cuing contexts 3 (Imitate 1) ands 
(Imitate 2) were not significantly different and were 
performed with least variability is not surprising. During 
this condition, subjects were hearing and matching an exact 
model of the pattern. The other context in the top 
grouping, 6 (Continue/Uncued), required subjects to 
continue the polymeter without cuing after being provided 
the polymetric model. This ability to maintain the same 
high accuracy while continuing without a stimulus is 
impressive. 
Because no cues were provided the first time subjects 
encountered the Uncued context, I suspected it would be 
performed with the most variability. However, the second 
time they encountered Uncued (immediately following the 
first block but with the reverse hand combination) they had 
already heard the pattern numerous times. It is 
interesting that cuing context 2 (Pulse) proved more 
difficult for subjects than Uncued. Perhaps the subjects 
found it a struggle to change from their own internal 
tempo. 
Most surprising was the finding of very low standard 
deviations across all cuing contexts compared with previous 
research, especially considering these standard deviations 
are collapsed across all polymetric patterns including 4:5 
and 5:4. 
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Interactions. The MANOVA (Table 9) revealed two 
significant interactions. As discussed previously under 
hand combination, there was a significant interaction of 
meter and hand (Figure 17). Additionally, there was a 
significant three-way interaction of hand, meter and 
pattern, f (2,56) = 5.83, £ <.01, as shown in Figure 18 in 
logged standard deviations. This figure, especially when 
considered in conjunction with Figure 17, reveals the 
reasons for this finding. As illustrated by the disordinal 
interactions, the hands appear to be affected by meter in 
all three polymetric patterns, with the left hand more 
affected than the right and with a degree of slope 
differing by polymetric pattern. In other words, the left-
hand differences are comparatively more pronounced than 
those found for the right, especially in the most complex 
pattern (4:5). 
Because hand combination was not counterbalanced, one 
must be cautious regarding this interaction. If, however, 
it were to hold true when hand combination is counterbal-
anced, it would mandate the simultaneous inclusion of all 
three factors (hand, meter, and pattern) in future research 
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CHAPTER 6 
DESCRIPTIVE ANALYSIS: RESULTS AND DISCUSSION 
This chapter considers issues which were not addressed 
by the statistical analysis but are important in providing 
insights into polymetric performance skills of musicians. 
Questions addressed were: 
1. How accurate are these musicians? 
2. Are there identifiable types of errors? 
3. Is there evidence of systematic variation? 
4. Do musicians' descriptions of accuracy in post-
experiment interviews correspond with their 
actual performance? 
5. What strategies do they report using? 
6. What other information can musicians provide 
regarding perceptions and performance as impetus 
for future research? 
Accuracy 
Table 13 ranks musician subjects by average accuracy 
across all performances-from lowest to highest overall 
average standard deviations, collapsed across hands and 
cuing contexts. The mean, shown in the last column, was 
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Table 13 
Mean Standard Deviations According to Polymetric 
Pattern and Hand Combination 
Polymetric Pattern/Hand Combinationa 
Subject 2:3 3:2 3:4 4:3 4:5 5:4 Average 
3 8.2 13.6 11.4 12.8 16.0 13.2 12.6 
5 9.7 1,. 9 13.2 14.7 16.0 13. 1 
16 10.6 10.8 13.4 10.5 16.9 17.4 13.3 
14 12.3 10.3 15. 1 11 .6 15.4 17 .3 13. 7 
21 12.2 10.5 13.3 12.6 18.3 20.4 14.6 
28 9.7 11.4 11.8 12.5 18.6 22.7 14.6 
24 12.9 9.0 25.0 15.6 21.4 14. 1 16.4 
40 16.2 10.7 16.4 21. 7 16.3 20.3 16.9 
32 13.4 12.3 26.4 16.6 17. 1 
37 12.3 14.8 22.2 14.0 23.5 18.7 17.6 
15 13.4 10.5 14. 1 31.2 30.4 15.8 17.9 
18 13. 1 15.6 19.0 21. 1 27.4 18.2 19.0 
30 15.9 18. 1 17.5 21.2 21.2 21.2 19. 1 
22 20.8 12.0 18.7 22.9 28.9 16.8 19.5 
7 14.8 13.8 20.3 20.3 24.6 24.9 19.6 
19 12.6 13.0 16.9 19.2 27.4 28.5 19.8 
17 18.0 17.6 21.3 17.5 37.0 23.4 21.1 
23 11. 9 10.2 21.4 16.2 42.4 21.3 
33 17.9 13.8 20.4 24.9 62.6 34.2 21.5 
1 16.2 14.7 22.5 25. 7 30.8 27.5 22.9 
27 14.4 9.9 13.6 59.6 35.8 23.0 
20 16. 1 11. 7 33.9 40.9 51.5 23.3 
6 22.2 15.6 19.7 20.7 40.7 29.5 23.4 
35 14.4 14.7 20.3 20.2 39.7 36.9 23.6 
34 15.6 15.3 25.3 26.6 28.0 33.3 24.0 
4 23.9 12.0 34.7 14.5 35.8 28.5 24.6 
10 19.0 16. 1 36.1 55.2 25.0 
26c 16. 1 17. 1 18.5 26.9 66.3 21. 1 27.7 
13 16.0 12.4 23.0 17.6 57.3 56.7 28.3 
2 16.0 14.0 31. 7 57. 1 25.4 27.2 28.3 
31c 15. 1 33.4 33.8 36.0 51.5 46.8 36. 1 
a In milliseconds, averaged over six cuing contexts. 
b In milliseconds, averaged over all patterns, in rank order. 
c These subjects were disqualified from MANOVA and ANOVA analyses. 
b 
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derived by averaging means across all patterns with 
sufficient data. (Note that subject five, although listed 
as one of the subjects with least variability, failed to 
complete 4:5.) Although averaging means in this manner may 
be a questionable statistical procedure, it serves as a 
heuristic device for examining performance accuracy. 
Mean standard deviations for all qualified subjects 
ranged from 8.2 and 66.3 milliseconds. Every one of these 
subjects performed at least some performance blocks with 
standard deviations under 20 milliseconds. Twenty-four 
performed some patterns with standard deviations under 15 
milliseconds, comparable to or surpassing the top musicians 
reported by other researchers. Some subjects were 
remarkably consistent across patterns. Subject 40, for 
example, performed with standard deviations ranging between 
10.7 and 21.7 milliseconds. 
There were no abrupt demarcations among subjects' 
standard deviations. Rather, as revealed in Table 13, 
there was a continuum of performance accuracy. This is in 
apparent contrast with previous research that found subject 
performances to lie in discrete categories (Beauvillain & 
Fraisse 1983). Presumably the continuum would extend 
downward to include less skilled performers. 
For the best performers, variability was far less than 





research. As shown in Table 13, most performances fell 
into ranges of 15 to 20 milliseconds for 2:3, 10 to 40 for 
3:4, and 15 to 50 for 4:5. One subject {subject 24) 
performed two cuing contexts with under 4 milliseconds 
deviation. Thirty subjects performed at least one cuing 
context with less then 10 milliseconds deviation. {See 
Appendix G for individual data for each cuing context.) 
Figure 19 presents the experimental data in graphic 
form, collapsed across left and right hands. The black 
portion of each column represents numbers of subjects 
performing with standard deviations under 15 milliseconds. 
Performances with standard deviations greater than 
15 milliseconds are represented by various patterns, in 
increments of 15 milliseconds. Lower height of the columns 
is due to fewer subjects' ability to perform enough 
successful measures of the polymeter. 
It is interesting that, with a larger sample of 
subjects than tested previously, standard deviations for 
the best performances averaged around 10 milliseconds, a 
level of accuracy greater than that of most previous 
studies. Findings of this study therefore extend the upper 
limits of performance accuracy. 
Scoring procedures used in this study may also account 
for some of the low variability. Systematic performances 
were factored out from inaccurate performances, which at 
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times produced lower overall standard deviation scores than 
if the global-averaging computational procedure had been 
used. 
Top subjects' performances were highly consistent; 
they initiated and matched patterns with remarkable 
precision. Again, using the strictest criteria for 
identifying top subjects (standard deviation under 15 
milliseconds), all polyrnetric patterns were performed with 
high consistency, with 2:3 and 3:4 evincing more successful 
performances than 4:5, as is discernible in Figure 19. 
Figure 19 also reveals differences for cuing context 
and hand combination, and dramatically underscores 
differences according to polymetric pattern. Clearly, 
fewer subjects were able to perform polymetric patterns of 
4:5 and 5:4 with the levels of accuracy demonstrated in 
2:3, 3:2, 3:4, and 4:3. 
Though always performed first, the preferred hand 
combination (with the right hand playing the faster 
meter-2:3, 3:4, 4:5), shown in the left column, was 
performed better by most subjects. This is exemplified by 
cuing context 3 (Imitate 1) for 3:4 compared with 4:3. 
Some subjects, however, did better in the reverse hand 
combination (3:2, 4:3, 5:4 in the right column). One would 
expect that the second hand combination would be performed 
122 
with more accuracy due to practice, and this was borne out 
in the findings. 
When specific cuing contexts are examined, some 
interesting inconsistencies appear. Although cuing 
contexts 3 (Imitate 1) and 5 (Imitate 2) were presented 
identically (apart from their position in the performance 
blocks) and were statistically similar, some apparent 
differences appear in the histogram. For example, in 4:5, 
more subjects met the strictest criteria in cuing 
context 3, while in 5:4, equal numbers of subjects met the 
strictest criteria in cuing contexts 3 and 5. One must be 
cautious in interpreting the results at this level because 
the statistical analysis could not be conducted at this 
level of specificity. 
Identifiable Types of Error 
Intertwined with the issue of accuracy is that of 
error. Unlike the simple errors discussed below, lag and 
anticipation-considered systematic variation by some 
researchers and error by others-are not discrete, 
independent events; they will therefore be discussed later 
as factors of systematic variation. 
Simple errors, readily detectable in timelines and 
graphics, fell into several broad categories, including 
added taps, one or both hands dropping out, and hand 
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reversals. Data containing errors were scored as incorrect 
and excluded from further analysis. 
Subjects were instructed to tap randomly when they 
could not perform a polymeter. Unfortunately, the computer 
program was not designed to distinguish between random taps 
and poor performance, and this question was not explored in 
the post-experiment interview with subjects. 
One form of inaccuracy occurred when subjects 
discontinued tapping with one or both hands for extended 
periods of time. This type of error was easily identified 
by the consistent gaps in timelines, with hand re-entrance 
typically occurring at tap coincidences. Discontinuation 
of one hand did not necessarily affect the other. 
Another somewhat uncommon error was switching hand 
combinations. One subject reported switching patterns 
between hands and another reported doing so to show off. 
Both hand switches were confirmed by examination of the 
data. 
In sum, the types of errors were found to be typical 
to those previously reported in the literature. However, 
the musicians in this study performed with very few errors. 
Since experimental procedures were not designed to identify 
and examine error categories, there may have been more 
categories of error than have been identified with the data 
collection and analysis procedures used. 
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Evidence of systematic variation 
Tapping performed in a consistent, non-random manner 
but with lags and/or anticipation is treated in this study 
as systematic variation, in contrast to the usual method of 
scoring it as error. To recount questions posed 
previously: (a) In addition to the metronomically precise 
and the imprecise, inconsistent performances, were there 
performances characterized by systematic variation? (b) Is 
it possible to identify patterns of variation that 
musicians consistently follow, and, if so, were the 
patterns of one musician similar to those of others? 
As the frequency of reports in the literature might 
lead one to expect, nearly all performances, including 
those of the most accurate subjects, exhibited systematic 
variation. Figure 20 shows three individuals' performances 
of a single cuing context of 3:4 in superimposed measures 
format. Figure 20a illustrates a mathematically precise 
performance, and Figure 20c an inaccurate performance. 
Figure 20b illustrates a highly consistent performance, 
observable in the low variability around each tap. This 
performance deviates from the mathematically precise 
computer-generated pattern as indicated by the arrows and 
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Performances of 3:4, illustrating (a) 
mathematically precise, (b) systematic 
performance, and (c) inaccurate performances. 
Data is the same as that shown in Figure 10. 
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In comparing the two graphs, it is intuitively clear 
that there are two phenomena operating, one being the 
variability around each tap (Figure 20c), and the other 
being the variability of placement of each tap within the 
measure (Figure 20b). Previous mathematical model scoring 
does not distinguish between these types of performance. 
The superimposed-measure procedure used to generate 
Figure 20 distinguishes among several types of variability, 
making it clear that a scoring procedure avoiding right-
wrong (on/off) categorization is critical as the latter 
would have scored the performance in Figure 20b similar to 
Figure 20c. 
All performances of the polymetric pattern 3:4 were 
examined in order to investigate whether systematic 
variation could be characterized according to patterns. To 
quantify highly accurate performance, two criteria were 
established: first, low variability around taps and, 
second, low variability of intervals within the measure. 
Mathematically precise performance was defined as having 
both low variability around taps (15 milliseconds or less) 
and low variability of intervals (equal to or less than 20 
milliseconds). Systematic variation was defined as having 
low variability around taps (15 milliseconds or less) and 
moderate variability of intervals (greater than 
20 milliseconds). 
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Table 14 shows the results of this informal analysis 
for all performances of 3:4 meeting these criteria. Top 
subjects (e.g., 3, 5, and 16) performed with both 
mathematical and systematic precision while less facile 
subjects exhibited more systematic variation in their 
performance. 
Are different musicians' systematic variations 
similar? It appears that, at least in the case of 3:4, 
there are some commonalities. As shown in the last two 
columns of Table 14, the two most common types of 
systematic variation were (a) delaying the third tap in 
both hands (symbol 3) and (b) increasing the size of the 
last interval (L). These probably serve to separate 
reiterations of the pattern. This has been interpreted by 
Gabrielsson (1984) as giving the downbeat more emphasis 
than other beats. 
An interesting result is the consistency of type of 
systematic variation observed in single individuals across 
all cuing contexts and hand combinations. For example, 
subjects 21, 28, 24, and 40 all consistently delayed the 
third tap in both the left and right hands. 
Other types of systematic variation included lag after 
coincidence, anticipation after coincidence, lag 
throughout, anticipation throughout, and fluctuation, a 
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Table 14 
Performances in 3:4 Featuring Most 
Consistent Mathematical Precision 
and systematic Variationa 
2 
Subject L R L R 
-- --
3 M s M M 
5 
16 s s 
14 s s 
21 s s 
28 s s 





30 s s 











H = Mathematical prec1s1on 
(extremely low varia-
bility within intervals-
differences 20 rnsec. or 
less) 
Cuing Contextb 
3 4 5 6 
L R L R L R L R 
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(low variability within 
intervals--differences 














F L L 
L L L L L 
L L L L L L 
L L L L 4 4 
3 2 3 3 3 
3 3 3 3 3 3 3 3 
3 3 3 3 F 3 3 3 3 
3 3 3 3 F F 3 3 
L 3 
3 L 
3 3 3 
F 
L L L L L L F F 
2 4 
3 2 4 3 
L L 
L L 
3 2 F F 
L 4 
F F 
3 2 4 4 
2 = second tap delayed 
3 = third tap delayed 
4 = fourth tap delayed 
L = large last intervalc 
F = fluctuation 
a All performances included in this table featured extremely low variability around taps 
(e.g., composite sos under 15 milliseconds). Subje~ts 2~ 4, _10, 17, 20, 26, 31, 32, and 
34 are not shown because they did not perform to this cr1ter1on. Subjects are ranked as 
in Table 13. 
b Cuing contexts were: (1) Uncued, (2) Pulse, (3) Imitate 1, (4) Continue/Pulse, (5) 
Imitate 2, (6) Continue/Uncued. 
c Larger last intervals is caused by anticipation of the last tap or taps, in either hand. 
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combination of lag and anticipation. Each warrants further 
discussion: 
Lag results in a lengthened interval with beats 
farther apart than found in mathematical precision. Two 
types of lag were identified: lag immediately following 
coincidence and lag throughout the measure. An example of 
lag after coincidence is shown in Figure 21a. Here the 
entrance of the left hand is delayed, causing the interval 
after coincidence to be lengthened. Slight lag throughout 
the measure is exemplified in both hands in Figure 21b. 
This is not what musicians refer to as a rallentando or 
ritard, since lags occur only within the measure, and 
coincidences and measure lengths are maintained accurately. 
Anticipation, a shortening of intervals, where beats 
are tapped closer together than mathematically precise 
beats, were observed before and after coincidence as well 
in other beats in the measure. Anticipation after 
coincidence, a shortened interval, is illustrated in the 
timeline for the right hand in Figure 22a. Figure 22b 
shows anticipation in the right hand throughout the 
measure. Similar to the concept discussed above, this is 
not rushing, since anticipations occur only within the 
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Illustration of anticipation (a) in 3:4 
throughout the measure, and (b) in 5:4 of the 
third tap in right and left hands. 
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Fluctuation is illustrated in Figure 23, where shorter 
first and second intervals in the right hand are followed 
by longer intervals. Another type of anticipation and lag 
encountered in this study (not shown) features intervals 
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The musicians in this study apparently combined lags 
and anticipations in such a way as to allow them to arrive 
at coincidences at the correct time. In rare instances of 
extreme lag and anticipation (where tap placement deviated 
by 5 to 10 milliseconds from the subject's mean tap 
average), performances usually returned to systematic 
variation or mathematical precision within two patterns 
without observable disruption in the other hand. 
At times systematic variation was maintained within 
meter across hand combinations. For example, in the first 
hand combination, the left hand (slower meter) might 
anticipate, and in performances of the reverse hand 
combination the right hand (slower meter) anticipated 
similarly. Further, performances were not "all over the 
map" but fell into distinct categories according to 
position of tap within the measure, highlighting pattern 
beginnings and endings. This maintenance of patterning 
throughout performance blocks leads one to surmise that 
some of this variability reflects an underlying 
nonmathematical standard used by these musicians. Whether 
there is a consistent pattern of systematic variation among 
musicians awaits further study. 
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Descriptions of Performance Accuracy 
As discussed in Chapter 2, there has been much 
theorizing about how motor production is influenced by 
cognitive processing even in the absence of performance 
data. Some researchers have made assumptions about 
subjects' perceptual strategies based upon their 
performance error. In this study the musicians themselves 
were asked what strategies they used, allowing 
correspondence to be made between performance data and 
strategies. Although this technique will undoubtedly be 
refined in subsequent research, it is at least one step 
beyond speculation. 
Subject reports in this discussion are based on 
interviews with every subject who completed the experiment, 
since it was of interest to compare reports by successful 
as well as unsuccessful performers. Subjects' comments 
were transcribed directly onto format sheets during 
interviews and later copied onto Subject Interview Report 
summary sheets, organized according to issues presented in 
Tables H-1 through H-8 in Appendix H. 
Table 15 combines statistical and verbal findings 
to show informal correspondence of subject reports with 
actual performance. In this table, findings are ranked 
from highest to lowest accuracy based on their average 
standard deviations. Subject comments regarding 
Subj. 
Table 15 
Informal Correspondence of Subject Reports 
with Actual Performancea 






Slbjects with Least Variabilityb 
3 It was hard start- In 4:5 Pulse sos high 
ing with 4:5 (36 msec c~red with 
Once heard, 4:5 
was no problem 
10-19 msec in other cuing 
contexts); in 5:4, Uncued 
sos high (23 msec compared 
with 6-15 msec in other 
cuing contexts) 
Low SD in Uncued (10-12 
msec>; highest SO of 









5 5:4, even with 
repeating it, I 
was rushing 
Nothing conclusive in 
superi~sed measures; 
in statistical st..mnary 
sheets, intervals not 
consistent. Below 333 









16 Pulse in 4:5 was 
hard 














LH not comfortable Difference between Specific 
(hand & 
pattern) 
Very high accu- CO) 
in 4:5 hands< 1 msec SD racy; impossible 
to detect 
"discomfort" 
a Data for this table were extracted from Table 13, Appendix G, Tables H-4 and H-5 in 
Appendix H, and individual Statistical Surmary Sheets, 
b Subjects are ranked according to performance variability. 
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Table 15, Informal Correspondence (cont.) 
Subj. 
No. Subject Report 
14 Lag, especially 
with Pulse taps 
21 
28 
Uncued in 5:4 
hardc 
Difficulty with 




4:5 and 3:4, 
probably 4:5 
[most di ff i cul tl 
5 difficult in 
both 4:5 & 5:4 
Actual Performance 
Subtle lags occur in 
last 2 taps in 4:3 & 
4:5 across all cuing 
contexts 
Not necessarily worse 
in Pulse compared to 
other cuing contexts 
In 4:5 Uncued sos were 
relatively high (28-31 
msec coq>ared with 
8-17 msec in others) 
In 5:4 sos were low for 
Uncued (15 LH, 18 RH) 
Taps 2, 3 & 4 had antici-
pation in LH in 5:4 
Imitate 1 and Continue/ 
Pulse 
In 4:3, Imitate 1, only 
cuing context with high 
sos (38 msec); in 4:5 and 
5:4, 10 of 12 cuing con-
texts higher sos (15 to 50-
msec range) 
In 5:4, placement of 5s 








































in most cuing 
contexts 
Substantiated 












Table 15, Informal Correspondence (cont.) 
Subj. 
No. Subject Report 
40 I sort of lagged 
cont. with the LH in 
2:3 Pulse 
32 (no conmentl 
Actual Performance 
In 2:3, higher variance 
in Pulse than in any 
other cuing context; 
in 3:2 higher variance 
in Pulse in LH 
37 RH anticipated, In 4:5 and 5:4, LH 
LH lagged at entered f;rst a total 
downbeat a fraction of 90 measures; RH 
of a beat 119 measures 
15 In 3:4 probably In 3:4 LH SD> RH sos; 
3 was off ;n 4:3 RH SD> LH SDs 
18 (no conment] 















22 In 4:5, f;rst two 
tasks were blind 
tapping 
In 4:5, first two cuing Specific 
7 Switching 4:5/5:4 
hardest 
19 [no conmentl 
17 [no conment l 
23 [no conmentl 
33 [no conmentl 
contexts scored as 11 insuf- (pattern & 




ences; stat. Sl.lllTl8ry 
sheets show subject 
averaged 7 successful 



























Table 15, Informal Correspondence (cont.) 
Subj. 
No. Subject Report Actual Performance 
Subjects with Most Variability 
Continue/Pulse more Continue/Pulse averages 






LH might lag in 
patterns which 
were difficult 
One hand was 
possibly faster 
in 5:4 
Didn't learn 5:4 
till Imitate 2 
35 [no corrrnentl 
34 [no corrrnentl 
4 [no corrrnent] 
10 11Out to lunch" 
on 4:5 
contexts 
In 4:3 some lag in 
Continue/Uncued; in 4:5 
lag in both hands. In 
5:4 insufficient data 
In 5:4 played 6:3, with 
only three good measures. 
Due to 6th tap, LH sos 
averaged 88 msec, RH 13 
msec. Many insufficient 
measures in 4:5 
High sos in 4:5; drop 
in sos in Imitate 2. 
Lower sos maintained 
throughout 5:4 
In 4:5 averaged two good 
measures; in 5:4 aver-
aged 0-1, so worse with 
switch. Unsuccessful in 









































Table 15, Informal Correspondence (cont.) 
Type of Informal 
Subj. Diagnosis Sunnary Corre-
No. Subject Report Actual Performance by Subj. Analysis spondence 
10 (In 4:5] it was In 4:5 the only Specific Not possible (0) 
cont. hard to synchro- successful measures (cuing to confirm 
nize both hands were in Pulse; in context) difficulty. 
in the Pulse 5:4 there were no 
cuing context successful measures 
Switching hands In 3:4 & 4:3, all but Specific Inconclusive (0) 
in 3:4 was hard one series was Chand data with 
"insufficient data" switching) performance 
on the whole 
unsuccessful 
13 (no conment] 
2 The slower t~ Slower meter hand sos General Substantiated ( - ) 
hand [most off] higher in only two cuing (meter) for two of 36 
contexts (LH in 2:3, 4:5); cuing contexts 
Di5"Jalified Slbjects 
26 5:4 better near High variability in 4:5 Specific Substantiated (+) 
end but by last task in 5:4 (pattern & 
very consistent cuing 
context) 
RH in 5:4 was Not evident in super- Specific Not substanti- ( - ) 
off more i~sed measures nor (pattern ated 
in statistical surmary & hand) 
sheet; RH SDs were 
consistently within 
5-msec range of LH 
31 LH was off more Higher sos in RH in gen- General Not substantiated ( - ) 
eral across patterns; LH (hand) 
difference not observable 
in superi~sed measures 
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performance difficulty were entered in the column labeled 
"Subject Report." Subjects mentioned factors such as 
specific polymetric pattern, cuing context, hand 
combination, and right- or left-hand difficulties 
experienced during the experiment. If one factor was 
mentioned in combination with others, each was analyzed 
separately. For example, subject 16 stated that in 4:5 the 
Pulse cuing context was hard and that the left hand was not 
comfortable, so each was reported separately. 
Each subject's empirical and graphic data were 
examined for verification, with results shown in the column 
labeled "Actual Performance." Whether the type of 
diagnosis was specific or general is shown next. This 
reveals the amount of detail these musicians were able to 
observe within their own performances. 
Although it was possible to determine correspondence 
of the bulk of subjects' reports with data, there were 
certain instances in which data were unclear or missing 
(too few acceptable measures), prompting the summary 
analysis column in the table. Some subject comments were 
substantiated in a clear-cut fashion(+) while others were 
inconclusive (0) or even contrary(-) to their performance 
data. 
Subjects with least and middle variability gave the 
most detailed reports, often specifying the cuing context 
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in which errors had occurred. These diagnoses were usually 
substantiated. Lowest scoring subjects also gave detailed 
diagnoses of errors, but these could not always be 
substantiated. Some subjects were able to pinpoint 
performance problems lasting only a few measures. Since 
testing lasted from 30 to 60 minutes, this ability is 
indicative of great diagnostic skill. 
Subjects' diagnoses regarding tap error and 
variability were usually correct. When asked whether 
either hand deviated more than the other (Table H-5, 
Appendix H), seven subjects reported no differences between 
hands, and one was not sure. Six said that both deviated 
in some sections while seven stated that the left hand 
deviated more. One subject noted that the "slower tempo 
hand was off.'' The following responses are illustrative: 
I had lag with both hands all over the place, 
especially with the second cuing context (Pulse). 
(subject 14) 
The left hand might lag. When I was trying to be 
precise, I would compensate. (27) 
My right hand tended to anticipate, the left hand 
lagged at the downbeat a fraction of a beat. (37) 
In examining performance data there were no instances in 
which a subject's claim of lag turned out to be 
anticipation. When subjects claimed they were off, they 
were correct with one exception (disqualified subject 26). 
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Top subjects identified specific cuing contexts, hands, 
and patterns that they found difficult or in which they 
were inaccurate. For example, middle subject 40's 
diagnosis was very specific: the left hand lagged in the 
2:3 Pulse cuing context. This subject was able to 
diagnose very subtle problems, such as lags of only 5 
milliseconds. In contrast, subject 27 (in the "most 
variability" group) stated that the left hand might have 
lagged. The use of the words "probably," "possibly," and 
"might have been" on the part of subjects with most 
variance suggests a degree of uncertainty not observed in 
high scoring subjects. 
In summary, most subjects were able to identify errors 
correctly, with top subjects providing the most detail. 
Since there were six patterns including six cuing contexts 
each, this means that some subjects distinguished and 
recalled specific error types for each hand from among 
thirty-six performance blocks. 
some reports of top subjects (16, 21) were difficult 
to cross-check due to extreme accuracy. These subjects' 
reports of difficulty were not necessarily borne out in 
performance. Conversely, claims by inaccurate subjects 
were often unsubstantiated due to insufficient data. 
Informal correspondences for top and middle subjects were 
often positive; that is, their reports accurately reflected 
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performance. Correspondences for lower subjects were mixed 
and diagnoses were not always substantiated. 
The issue of correspondence between subjective report 
and empirical accuracy had not been previously addressed in 
the literature. As previously described, detail within 
subjects' reports was impressive, often requiring the 
recall of a specific 10-second passage in a 20- to 60-
minute study. That top subjects' reports corresponded so 
closely with the empirical data is very telling in terms of 
subjects' diagnostic skill. 
Descriptions of strategies Used 
Subjects reported using a variety of strategies, 
including verbal cues (counting and other mnemonics-six 
subjects), tactile cues (doing it by feel-nine subjects), 
visual cues (watching hands-two subjects), and auditory 
cues (listening to stimulus model tones-fifteen subjects). 
Some subjects reported using more than one strategy, and 
five made no comment on this question. These data were 
extracted from Table H-2, Appendix H. 
Six subjects reported using verbal mnemonics that were 
part of their repertoire. "Hot cup of tea," "Not 
difficult," "Both, right left right," and "Ring Christmas 
Bells" were used for 2:3. Mnemonics for 3:4 included "Eat 
your goddamn spinach," "Please Johnny speak to me," "Go 
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catch a fish tonight," and one subject's personal 
regrouping of South Indian drum syllables ("ta ka de me"). 
Four subjects (5, 14, 40, 37) specifically reported not 
using verbal cues. 
Seven subjects reported counting subdivisions aloud 
(e.g., "one two-and three" for 2:3), and two subjects wrote 
out notation for 4:5 before performing it: 
I looked at the diagram I drew, saying I could go 
ahead and try the last part. I did it! (34) 
Although some subjects had been taught the 
mathematical model of the polymeter, they reported being 
unable to use this strategy consistently: 
With 3:4 and 4:5 I tried to figure it out with math, 
but I couldn't figure out the 4:5 pattern. (40). 
I couldn't think of anything in 4:5-no word for 
counting or subdividing. (37) 
Several subjects reported using tactile strategies. 
Some subjects reported performing "just by feel." The 
following examples are illustrative: 
The right hand played instinctively. (34) 
I performed totally by feeling. They (polymeters] 
sound much more musical without counting. (10) 
I 
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Two subjects reported using visual feedback: 
I sometimes checked out my reflections in the window 
to see about evenness. I did close my eyes some too. 
(14) 
I would visually monitor the five sets of hands in the 
window glass. I would watch the regularity of hand 
movements. (22) 
Two subjects reported using tonal references as cues: 
I associate ... 4:5 more keenly with pitches. 
If I have any rhythm problems I think of Debussy's 
"Arabesque" since I deal with a tonal instru-
ment .... I remember melodic structure with the 
rhythmic part. (37) 
I think of the sound of the whole thing. (3) 
Two subjects claimed to have used no cues. One of 
these reported performing patterns "automatically." 
Several musicians reported using combinations of 
several strategies: 
I am familiar with the patterns; I usually think of 
them as a whole, but I think of hands separately 
especially in long, extended testing periods. I use 
no words, or counting .... I sometimes checked out 
my reflections in the window. (14) 
Many subjects reported that once they heard the 
pattern generated by the computer their strategies or 
perceptions of the pattern changed: 
Once I heard it, my strategy changed. I just 
adjusted. (2) 
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In 5:4 once I heard it, it seemed to be different. 
I seemed to need the subdivision for each pattern 
first. (13) 
(5) 
I just listened to 4:5 without tapping the first time. 
(22) 
With 5:4, it made a difference when I heard it. (16) 
Some subjects reported attending to specific hands 
while performing. One attended to the dominant hand: 
I would get the pattern down as a unit, just try and 
hit the right hand first and get it in, and just keep 
it even. (9) 
Two other subjects reported reduced accuracy when they 
switched attention from the unit to the specific hand: 
In 2:3 my hands switched for one measure. I just was 
thinking of the hands separately and they switched. 
(14) 
If I started listening for the 5 or 4 separately, the 
other hand would go into "la-la land." (17) 
Some general observations can be drawn from this 
question: Subjects used a variety of strategies. Verbal 
mnemonics were used less than either auditory and tactile 
strategies. Four subjects specifically reported not using 
verbal cues. These data were considered too incomplete for 
meaningful statistical analysis, but the issue of what 




There is much controversy in the literature whether, 
as discussed in Chapter 2, performers use a gestalt 
strategy (the resultant) or a figure/ground strategy (focus 
on one meter of the polymetric pattern). Although the 
literature juxtaposes these strategies as polar opposites, 
figure/ground is in reality a subset of gestalt. 
Fourteen subjects reported perceiving the pattern as a 
resultant to guide their performance: "I took the whole 
pattern; I didn't segment it." (2) A typical report of 
focusing on figure/ground is when subjects focused on one 
meter, which was, with the exception of one subject (23), 
the faster meter. Subjects who used both strategies (4, 5, 
6, 13, 14, 24, 27) implied that focusing on the resultant 
was associated with greater automaticity and ease. Seven 
subjects reported shifting from figure/ground to resultant 
within a single performance block (e.g., while playing 
through six cuing contexts of the same polymetric 
pattern): 
In the Uncued section I was thinking of it as two 
hands doing two different things. After hearing it, I 
was thinking of the single pattern. (4) 
I switched from hearing two hands to totality. (6) 
Subject reports of varying strategy according to 
cuing context or polymetric pattern implies that 
performers were using alternative strategies during 
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performance. While self-report often lacks dependability, 
these subjects, particularly those in the top group, were 
highly accurate in diagnosing their performance accuracy 
and systematic variation. Their switching between 
figure/ground and gestalt strategies within single 
performance blocks, along with the finding that type of 
systematic variation is consistent within individual 
subjects across performance blocks, would seem to challenge 
claims made by Jagacinski et al. (1988) and Pitt and 
Monahan (1987) that specific performance errors (systematic 
variation?) infer specific types of cognitive processing 
strategy. Neither of these research groups reports 
questioning their subjects in this regard. 
Additional Subject comments 
Other information collected from subject interviews 
sought answers to the following questions. Some responses 
were simply collated; others were correlated with empirical 
data. 
1. Was it difficult to switch hand combinations 
having already performed the polymeter? 
2. Was any hand, polymetric pattern, or cuing 
context more difficult than others? 
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3. Were subjects bothered by the mathematically 
precise pattern? 
4. Did subjects associate low and high tones of the 
stimuli with any hand combination? 
5. Was any part of the experiment fun? 
6. Were there any general comments about the 
experiment? 
Switching hand combination. Subjects were asked 
whether playing a pattern with one hand combination and 
then reversing to the other affected their performance. 
They were also asked whether, since the first pattern 
presented was always the right hand playing the faster 
meter, they had experienced a precedence effect. Four 
subjects reported no precedence effect. Three subjects 
reported that switching hands was not difficult. The 
remaining subjects indicated that they had problems 
switching hand combinations, typically reporting that 
(a) the pattern was easier with the right hand performing 
the faster meter, (b) it was easier if previously played or 
heard, or (c) it depended on the pattern. 
The hardest were the ones with the fast parts in the 
left hand. It was easier and better when the right 
hand played the faster meter. I would slam the faster 
ones and think of them as the main beat. (2) 
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When I changed (hand combination] half of my brain 
didn't seem to be functioning as well. (34) 
In 2:3 I am used to 3 with the right hand, but 3:4 and 
4:5 were hard to begin with, so both hand combinations 
were equally hard. (40) 
Subject reports of one hand combination being more 
difficult than the other were not always associated with 
performance variability. For top subjects, however, the 
lack of confirmation may be due to a ceiling effect. 
Hand difficulty. The musicians were also asked 
whether they thought either hand deviated more than the 
other. Seven subjects did not observe this. Seven (15, 
23, 27, 28, 33, 40) stated that the left hand deviated 
more, and one was not sure. One subject (26) observed the 
right hand deviating more, and another (2) stated that the 
"slower tempo hand was off." Six subjects said both hands 
deviated in some sections. 
Pattern comparisons. Subject comments regarding 
pattern comparisons correspond to empirical findings of 
differences among the polymetric patterns. Figure 24 is a 
tabulation of these reports. (Some subjects specified 
generic patterns while others were more specific regarding 
hand combination, e.g., 4:3 or 5:4.) Those patterns which 
subjects reported to be easiest were performed most 
Polymetric 
Patterna "Easy" "Difficult" 
2:3 10 0 
3:4 1 10 
4:5 0 26 
a Collapsed across hand combinations 
(2:3 and 3:2, etc.) as subjects did not 
always distinguish between them. 
Figure 24. Subject Reports of Relative Difficulty 
According to Polymetric Pattern. Data 
tabulated from subject reports, 
Appendix H, N = 29 
151 
accurately, while those reported as most difficult showed 
the greatest variability. It is worthy of note that no 
subject referred to 4:5 as easy and none reported 2:3 to be 
difficult. 
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cuing context. Subject comments regarding cuing 
contexts also correspond to empirical findings. Figure 25 
shows the results of a tabulation of subject comments 
regarding relative difficulty of cuing contexts. It is 
noteworthy that there is a strong correspondence of these 
reports with findings of the Student Newman-Keuls analysis. 
Those cuing contexts which subjects reported were the 
easiest were also performed most accurately, while those 
reported as most difficult showed the greatest variability. 
In general, subjects reported the Pulse cuing context 
as difficult and the Imitation cuing context as helpful. 
[The pattern] 5:4 with the click [Pulse] was the most 
difficult. Even with repeating it, I was possibly 
rushing. (5) 
I structured it better with specifics. (26) 
The fact that several subjects reported having 
difficulty with the Pulse context might be because they 
were being required to perform at a tempo different from 
the tempo they had chosen just previously in the Uncued 
context. Perhaps more importantly, subjects did best when 
performing with the computer-generated pattern. That 
Continue/Pulse was significantly better than Pulse may be 
because Continue/Pulse was a continuation task; by the time 










3 Imitate 1 












a These cuing contexts were combined because 
subjects' references to "Imitate" were unclear 
and could mean either Imitate 1 or Imitate 2. 
Figure 25. Subject Reports of Relative Difficulty 
According to Cuing Context. Data 
tabulated from subject reports, 
Appendix H, N = 29. 
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Three subjects reported feeling fatigued by the end of 
some performance blocks. If fatigue had been a general 
problem, cuing contexts 5 (Imitate 2) and 6 (Continue/ 
Uncued) would have been the least accurate. The opposite 
was found, suggesting this was not a critical factor in 
their performance. 
Effect of Mathematically Precise Pattern on 
Performance. Participants were asked whether the computer-
generated mathematically precise polymetric pattern 
stimulus affected their performance (Table H-6, 
Appendix H). Subjects reported that this did not hinder 
them; in fact, five said they preferred it. Those with 
high variability reported feeling more comfortable when 
structure was provided. 
I felt better with the precise pattern. If it would 
have swung, I'd have been way off. (2) 
One subject (32) stated, however, that this model was not a 
"human pulse" and was therefore "very unmoving." Four (23, 
2, 26, 31) recognized deviation from mathematical precision 
and reported that being provided this model affected their 
performance: 
I was more laid back, not as accurate as the stimulus 
sound which was machine-like. {8) 
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It was like a drum machine. It's too mechanical, but 
it didn't bother me; it just didn't swing. (20) 
After I heard the computer, I started to concentrate 
much more on the downbeat-where the measure was. 
(10) 
Stimulus Pitches. Subjects were asked whether they 
associated either hand with low and high pitches of the 
stimulus. No subject reported that the pitch affected 
performance. Eighteen reported that they did not notice 
any such effect or that it didn't bother them. 
No, it didn't bother me, as I am also a cello player. 
(37) 
No problem. I'm too used to atonal music. 
sets use the low pitch on the far right. 
Some drum 
(15) 
Some stated that they didn't relate pitch to hands at 
all: 
I didn't relate it to handedness. I streamed it. 
(13) 
No problem. I just listened to the beats. (21) 
Aspects of tun. Subjects' perception of the 
experiment as fun did not correspond with their perception 
of the patterns being easy. Their interpretations of fun 
varied. Nine stated patterns were fun because they were 
challenging. These subjects' comments typically revolved 
around the enjoyment of performing or figuring out 
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patterns. They stated that patterns requiring 
concentration were fun while easier ones were not as 
intriguing. Two subjects stated patterns were fun when 
they were a challenge, but still within their performance 
ability. For example, subject 19 said, "It was fun when 
learning occurred and it was a surmountable challenge." 
Four subjects stated patterns that they were able to 
perform successfully were fun. For example, subject 27 
said, "It was fun when I was successful." Three subjects, 
mostly at the lower end of performance ability, did not 
find the experience fun. Their comments included the 
following: "It was not necessarily fun" (27), "It was not 
fun. It was all work" (34), and "It was challenging" (27). 
General comments. A few other topics brought up by 
subjects are worthy of inclusion in this discussion. 
Some subjects explained how they had originally 
learned polymetric patterns. Nine reported being self-
taught. Two subjects described a lifelong fascination with 
polymeters; they reported that they enjoyed figuring out 
patterns while they were "walking down the street" or 
"practicing on tables." 
Many subjects reported that there were some patterns, 
hand combinations, or cuing contexts in which they were 
learning. 
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By the third cuing context [Imitate l] I was 
catching on. I didn't learn 4:5 until
1
I got to the 
end of [Imitate 2]. I did it three times and got it. 
The first block was mostly learning. (6) 
In 4 75, the first two [cuing contexts] were blind 
tapping. When I heard the pattern, I just listened to 
it without tapping the first time. (22) 
I always thought about learning 4:5. It was neat to 
try it out on our own first. This is a good training 
device. ( 24) 
Eight subjects reported learning at least one polymetric 
pattern. 
4:5, I had to do it at least twice to figure it out. 
( 21) 
I did the most learning in 4:3. (19) 
The first block (of 4:5] was mostly learning. (6) 
I would have needed another hour to get it [5:4]. 
(13) 
Subjects who said they were learning more frequently 
reported they had made errors (Table 15) than did 
experienced performers, and their reports were generally 
substantiated. For example, subject (6) reported to have 
"finally learned" a polyrneter by Imitate 2. When this 
subject's standard deviations were examined across cuing 
contexts, there was a sudden drop in standard deviation at 
Imitate 2 which was maintained consistently throughout the 
rest of the performance blocks of this pattern, continuing 
even after hand combinations were reversed. 
158 
For some subjects, 4:5 and 5:4 were being encountered 
for the very first time (see Tables H-3 & H-4, Appendix H). 
Some subjects reported that once they heard the pattern 
(Imitate 1) they were able to perform it. Examination of 
the data verified this report. All four of the subjects 
Who mentioned that they had not previously performed 4:5 
and 5:4 were able to generate enough successful runs within 
Performance blocks to be included in the experimental 
analysis. Incredibly, one subject (21) who claimed, "I had 
to do it at least twice to figure it out," performed with 
standard deviations of 18.3 milliseconds for 4:5 and 20.4 
milliseconds for 5:4. 
Interestingly, subjects' feelings of competence did 
not necessarily correspond with their accuracy. 
Disqualified subjects, although claiming to be challenged, 
did not report nervousness or lack of confidence. Top and 
upper middle subjects were not always confident. Their 
reports of nervousness contrasted sharply with their highly 
accurate performances. Subjects 40 and 37 described parts 
of their performances as hard, with attendant nervousness 
and anxiety. Subject 37 said: 
I have a certain amount of fear with computer screens 
for a person my age. You should monitor breathing, 
heart rate, blood pressure and eye blinks in there. 
159 
summary 
Most interesting of the descriptive analysis findings 
were (1) the accuracy of many individuals, (2) the strong 
evidence of specific systematic variation, (3) strong 
correspondence between subjects' reports and their 
performance, and (4) the variety of strategies used. As 
will be seen in Chapter 7, these descriptive findings 
complement and enhance the empirical findings. 
CHAPTER 7 
SUMMARY, IMPLICATIONS, AND RECOMMENDATIONS 
This study sought to verify claims that musicians 
could perform polymetric patterns accurately and examined 
the roles that handedness, hand combination, meter, 
pattern, and cuing context play in performance. 
Trained right-handed percussionists or pianists 
performed three polymeters (2:3, 3:4, 4:5) in two hand 
combinations. They were presented with six cuing contexts 
by means of a loudspeaker: (1) Uncued-prior to hearing 
the computer-generated stimulus pattern, (2) Pulse-at a 
preselected tempo with the first pulse of each measure 
provided, (3) Imitate I-performing in synchrony with the 
computer-generated pattern, (4) Continue/Pulse-continuing 
performance without the stimulus pattern but again with the 
first pulse of each measure provided, (5) Imitate 2-again 
performing in synchrony, and (6) Continue/Uncued-
continuing the polymeter without cues. Participants tapped 
on an apparatus linking a membrane switch with several 
state-of-the-art computer devices and programs created 
especially for the study. 
The findings confirm that musicians can perform 
polymetric patterns with precision. Significant 
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differences were found for handedness, meter, pattern, and 
cuing context. Additionally, a significant two-way 
interaction of hand and meter and a significant three-way 
hand, meter, and pattern interaction were found, revealing 
that the main effects should be interpreted with caution. 
Further, the data revealed two types of accuracy 
(mathematical precision and systematic variation) and a 
variety of error types. Subject reports were found to 
correspond closely with empirical performance data. Before 
addressing each finding in detail, a discussion of the 
limitations of this study seems appropriate. 
Limitations 
Reliability. Intake and data collection procedures 
were identical for each subject. Equipment accuracy was 
verified both before and throughout the data collection 
segment of the study. Data were immediately stored in 
digital form on diskettes. Backup printouts of data sets 
were obtained prior to transfer of data to other computers. 
After transfer, data were inspected for correctness of 
configuration, missing files, or other problems. 
Data from the same twenty-nine subjects were utilized 
in all of the statistical and most of the descriptive 
analyses. Data from subjects disqualified from statistical 
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analysis were included in the discussion of types of error 
and in the analysis of correspondence between subject 
report and actual performance. 
Internal validity. Before the experiment, subjects 
completed demographic information forms independently. 
Each form was immediately reviewed for completeness, and if 
any response seemed unclear, the subject was asked for 
clarification. 
Post-experiment interview questions were presented in 
a consistent order, and prompting subjects for acceptable 
answers was avoided. Although accuracy of the written 
transcripts was verified immediately with subjects, 
subjects' responses might have been tape-recorded for 
greater certainty. 
Subjects were informed in advance that they were being 
tested for performance accuracy and were asked to do their 
best. During the experiment, subjects had the option of 
repeating each cuing context up to three times, and some 
chose to listen to the computer-generated models prior to 
performing in some contexts. There is no way to determine 
how many subjects listened or performed multiple times. 
However, some subjects reported achieving successful runs 
during first attempts, and some even completed the entire 
experiment in less than twenty minutes. With the 
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exceptions described in Chapter 3, all subjects were tested 
only once. No subject reported having difficulty 
understanding test instructions. 
Because this experiment sought to examine the upper 
limits of polymetric performance ability and not the 
effects of practice, varying amounts of practice and the 
retesting of one subject are not considered flaws in the 
design. 
Serial order effect was a potential problem as some 
subjects reported experiencing fatigue. Although 
relatively short, test length varied according to subjects' 
self-pacing. This potential influence was handled by 
counterbalancing the order of polymetric pattern. 
Exploratory data analysis established that order of 
presentation was not a significant factor. 
For design purposes, as explained earlier, cuing 
context was not counterbalanced. This choice appears to 
have been worth the risk: Although there were significant 
differences among the cuing contexts, the order of 
significance does not correspond even loosely to 
presentation order. 
Hand combination was also not counterbalanced, as 
subjects always performed the second hand combination after 
they had performed the "preferred" hand combination (right 
hand performing the faster meter). Surprisingly, increased 
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accuracy, probably due to practice, was observed in the 
reverse hand combination. 
As discussed in Chapter 3, a possible glitch in the 
computer program was reported by two subjects. The 
relevant data for these two subjects were examined and 
neither subjects' standard deviations were higher for this 
than for other cuing contexts. 
Although each subject had opportunity to practice the 
recording procedures, some failed to press the record 
button in the first uncued context. It is not known 
whether this was due to subjects' inability to perform the 
polymeter, or to their having mistakenly pressed the button 
to record rather than to repeat blocks. As a result, there 
were some empty cells in the first of six cuing contexts 
for the preferred hand combination. To address this 
problem, statistical techniques for unequal cells were 
used. Further, counterbalancing of pattern presentation 
minimized this effect in any one cell. 
As discussed in Chapter 5, data were skewed due to the 
very high accuracy of subjects. Compensatory procedures 
included using the appropriate statistical procedures for 
conducting exploratory data analysis, eliminating two 
subjects with extreme variance, transforming raw data to 
logged scores prior to analysis, and using statistical 
programs for data with unequal cell sizes. 
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External validity. The entire experiment was designed 
to allow comparison with other studies and to be musically 
valid as well. In contrast to studies purporting to 
establish models of perception or "prewiring" by measuring 
performance, this study claims only to examine performance 
ability by measuring performance accuracy. The tasks used 
in this study relate to polymetric performance, with no 
attempts made to generalize to perceptual or cognitive 
processing models. 
Because this study was designed to approximate musical 
practice, it has more validity for musicians than studies 
that require subjects to tap reactively or asynchronously-
for example, research using meters shifted from coincidence 
with each other or using time divisions based on tenths 
rather than eighths. The polymetric patterns measured were 
selected because they are frequently encountered in music. 
These polymeters were performed in cuing contexts like 
those used in previous research methodology. They were 
also analogous to musical situations; that is, they were 
tapped either without cues (as in solo performance) or with 
cues at predetermined tempos (as in an ensemble). 
Performances occurred in a laboratory rather than a 
musical setting, which may have made some subjects nervous. 
Conversely, performance may have been made easier for 
others since they performed alone. 
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A tapping device was constructed that approximated the 
configuration of a bongo drum, with a tap surface large 
enough to accommodate the hand. This device was thought to 
be easier to use than the telegraph key or other finger-
activated switches employed by earlier researchers. 
Further, because no subject had previously performed on 
this device, neither percussionists nor pianists had an 
advantage. 
Although no subject reported that the mathematically 
precise computer-generated stimuli affected performance 
negatively, some did state that the computer-generated 
patterns seemed nonmusical or inhuman. There is no 
question that these stimuli lack musicality. However, the 
decision to use this type of stimulus was viewed as 
necessary in the interest of internal validity. Since no 
consistent model of systematic variation has been 
established, this model seemed appropriate. 
The computer-generated pitch stimuli did not 
duplicate musical timbres exactly. Since this was a 
rhythmic study, this was not considered to be as important 
as ensuring that the stimuli featured sharp attacks at 
tonal onsets. 
It is acknowledged that isolated performance of 
rhythmic patterns is not the same as performing music 
within an ensemble where stylistic or musical 
interpretation is expected. 
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While the two-handed task used in this study is 
frequently encountered in music, the results may not 
generalize to situations where the polymeter is played 
within one hand (as on the piano or mbira), played by hands 
and feet (as on the organ), or divided among several 
musicians (as in ensemble performance). 
Highly trained musicians are not representative of the 
general population, but this study set out to measure only 
the most accurate performers and does not seek to draw 
inferences about the general population. 
Although both percussionists and pianists were 
selected for the study, comparisons based upon subjects' 
major instrument were unwarranted because there were more 
percussionists than pianists, and, more importantly, 
because distinctions between them are blurred at this 
proficiency level, possibly due to many subjects' extensive 
experience with both types of instruments. Further, this 
analysis would have been difficult if not impossible due to 
unequal filling of cells within performance blocks. 
It is important to remember that this study examined 
only musicians whose basic training is in the European-
American tradition. (Some subjects also had received some 
college-level training in non-Western music.) Generalizing 
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to non-Western musicians may not be valid because musical 
culture may influence perception. (One non-Western 
musician, who was tested separately, tapped the J:4 pattern 
extremely accurately but left out one hand's tap at pattern 
beginnings. Followup comparative analysis of the tapping 
abilities of non-Western subjects would be extremely 
Useful, providing another aspect of external validity.I) 
Proficiency. This aspect of external validity 
deserves special consideration, as it underlies every facet 
of this investigation. The word proficiency has been used 
throughout this study rather than training because training 
is only one aspect of skill. As stated previously 
(Chapter 1), training and experience do not guarantee 
Proficiency. 
Only performers who had demonstrated musical 
competence were accepted for this study. All were highly 
competent musicians whose major instruments demand a high 
degree of proficiency in two-handed tapping. Although 
these subjects were amazingly accurate, it became apparent 
1 Although published empirical data remain sparse, there 
is much discussion in the literature about how non-Western 
musicians perceive polymeters. African musicians 
reportedly perceive a time referent, but meter is 
apparently not a static construct in ensemble situations 
because rhythmic pattern shifts cause meter and measure 
boundaries to lack constancy, thus allowing multiple metric 
interpretations for one piece (Amoaku 1971; Jones 1958). 
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during the study that even they would have benefited from 
additional practice with several aspects of the study. 
Although the apparatus was designed to resemble a musical 
instrument, it is reasonable to suspect that the musicians 
would have been more facile on a more familiar instrument. 
Further research including more practice and experience 
with the apparatus would seem useful. 
Because many subjects reported they had never before 
attempted the patterns with the left hand playing the 
faster meter, the reversed hand combination probably would 
have benefited from practice. The pattern 4:5 also proved 
difficult for subjects. However, it is impossible to know 
whether this is due to complexity of the pattern or to 
simple lack of practice. Four subjects reported not having 
previously performed 4:5, while all were familiar with 2:3. 
These inconsistencies related to proficiency 
underscore the necessity for attending to a variety of 
related concepts, including skill level, prior training, 
and immediate practice within the experimental context. 
summary and Implications of Research Findings 
It was theorized that musicians' performance of 
polymeter would be affected by handedness, meter, hand 
combination, pattern, and cuing context. Additional 
questions, including accuracy, errors, systematic 
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variation, and their correspondence with subject reports, 
supplemented the experimental hypotheses, allowing for a 
more comprehensive interpretation of findings. 
Handedness. As hypothesized, the right (dominant) 
hand was superior to the left. Although this difference 
was found to be significant, the interaction analyses 
revealed that the left hand performance in the slower meter 
was less accurate, and that this difference varied by 
polymetric pattern. 
Subject comments in post-experiment interviews 
supported the finding of differences between hands, as all 
but one subject stated that the right hand was easier and, 
conversely, that the left hand was more difficult. 
It can be said with moderate certainty that in slow 
meters the right hand was more accurate than the left, 
however, in fast meters no difference appears to have 
occurred between hands. Even though a main effect was 
found, this finding of significant difference may be 
inconclusive due to the significant interaction of hand by 
meter. 
In any event, for the researcher, handedness should be 
accounted for, both in pre-experiment screening and in 
reporting findings. Researchers must also refrain from 
generalizing to subjects with other hand-dominance profiles. 
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Meter. As hypothesized, performance of faster meters 
was superior to slower meters across polyrnetric pattern. 
However, the same caveats expressed above regarding impact 
of the interactions on this factor hold true. 
Although the study established that there was a 
significant difference according to meter, differences 
apparently vary in the left hand but not the right in these 
strongly right-handed subjects. This finding, shown in 
Figure 17, contradicts reports of no difference as a 
function of meter (Deutsch 1983, Peters 1985, Peters & 
Schwartz 1989) as well as reports that skilled musicians 
play the faster meter more accurately regardless of which 
hand combination is used (Morton 1979; Peters 1986). 
Whether these findings of the left hand being less accurate 
in the slow meter hold true without confounding hand 
combination presentation order awaits further study. 
Hand combination. The hypothesis that subjects would 
be more accurate when using the "preferred" hand 
combination (the right hand playing the faster meter) was 
rejected. This hypothesis is implicitly the prediction of 
a significant interaction of hand and meter, and this 
interaction was found to be significant-however, in the 
reverse direction. The confounding of hand combination 
presentation order is a problem, because presentation order 
172 
probably facilitated the second hand combination. It would 
have been interesting to discover how many subjects had 
performed each polymetric pattern with both hand 
combinations prior to experimentation. 
Despite the fact that subjects were less accurate with 
the "preferred" hand combination, many subjects reported 
that it was easier when the right hand performed the faster 
meter, agreeing with Peters and Schwartz's (1989) report 
that their musicians consistently chose to play the faster 
meter with the preferred hand. The findings regarding hand 
combination first appear counterintuitive. However, due to 
hand dominance, one expects less of a practice effect for 
the right hand than the left hand, which appears to be the 
case. These findings appear to be in contradiction to 
those of Peters' (1985), whose subjects did better when the 
right hand performed the faster meter of the polymeter, and 
Deutsch (1983), who found no difference due to hand 
combination. (It may be that hand combination differences 
were not revealed in Deutsch's study because the pianists 
had difficulty performing these patterns. In Deutsch's 
words (p. 334), "performance levels. approached 
chance." For the polymetric patterns 3:4 and 4:5, 
Deutsch's standard deviations were 80 to 90 milliseconds, 
compared with averages of 10 to 40 milliseconds in this 
study.) 
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As hand combination in this study was found to be a 
significant factor in tapping accuracy-being less accurate 
when the slower meter is performed with the left hand-
researchers must account for this factor, at the very least 
by specifying which combination subjects performed and 
reporting findings accordingly. 
Should the "more accurate" hand combination be taught 
first? The answer was not revealed in this study (it was 
not addressed), but it would seem that teachers and 
performers at the very least need to address inequalities 
and difficulties involved in hand reversals of rhythmic 
patterns. 
Polymetric pattern. As suggested in the literature 
and suspected by musicians, subjects performed 2:3 more 
accurately than 3:4, and 3:4 in turn better than 4:5, 
providing apparent support for the theory that increased 
pattern complexity adversely affects polymetric performance 
accuracy. However, it also may be viewed as support for 
the simpler notion that pattern length may be the critical 
factor. As discussed previously, lack of practice with 4:5 
may be a factor, and the significant interaction of hand, 
meter, and pattern reveals that interpretation of 
polymetric main effects is not straightforward. Although 
hand and meter were affected differently according to 
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pattern, it is clear in Figure 18 that accuracy decreased 
linearly with increase in pattern complexity. 
For the music teacher, if the assumption is correct 
that learning is expedited when simpler patterns are 
presented before complex ones, 2:3 should be introduced 
first, followed by 3:4, then 4:5. Obviously, more time and 
effort will need to be allocated to the more complex 
patterns. 
cuing context. As hypothesized, cuing context was 
significant in polymetric performance. Subjects performed 
best when they were matching a computer-generated pattern 
or maintaining it without cues after the pattern was 
discontinued. Subjects performed least satisfactorily in 
pulsed or uncued contexts, a finding corroborated by the 
subjects themselves. 
The implication is, not surprisingly, that subjects do 
better when matching a model. This factor may be even more 
significant for less-skilled subjects. Differences in 
cuing contexts may also account for inconsistencies among 
findings. Future researchers seeking to establish upper 
limits of any kind of rhythmic accuracy might consider 
choosing cuing contexts such as matching or maintaining 
patterns in order to achieve maximum performance. 
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Accuracy range of performers. The extremely low 
performance variability found for tap placement within 
measures is remarkable. It is impressive that one subject 
performed a polymeter with 3.3 milliseconds standard 
deviation. That many subjects performed polymetric 
patterns with standard deviations under 15 milliseconds 
should be of import to kinesiologists and physiologists 
establishing upper limits of performance accuracy. (Again, 
what human perceptual limits exist for high degrees of 
accuracy has not been the focus of this study.) 
Accuracy range findings for 2:3, 3:4, and 4:5 are also 
important, because, although the ability to perform 
polymeters has been claimed, it has not been demonstrated 
previously except in a few one- to three-subject studies. 
Further, although differences among the polymetric patterns 
have been assumed by performers and teachers, empirical 
comparisons have been rare. 
Findings regarding accuracy according to cuing 
context, never previously examined as a factor, were 
significant. This implies that results from different 
studies are not necessarily comparable, and calls into 
question these studies' claims that people are not able to 
tap polymeters accurately (Klapp 1979, 1981). 
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Types of error. There were many clear-cut, 
identifiable errors, such as extra or missing taps, 
entrainment, or hand switching. Teachers should find error 
categories helpful in dealing with student performance 
problems, and the superimposed measures program could be 
used as a powerful visual-feedback learning tool. 
Systematic variation. Findings of systematic 
variation in this study were similar to previous findings 
(Table 3, Chapter 2). Although frequency of systematic 
variation was not categorized for all polymeters, in 3:4 
instances of systematic variation stressed pattern 
beginnings and endings, implying perceptual coding on the 
part of the musicians. In interviews, subjects said they 
viewed coincidences as "anchors"-"something they could aim 
for," even if everything else were in flux. This suggests 
performers were conceptualizing patterns in units rather 
than as discrete or unrelated events. 
There were subtle but pervasive instances of subjects' 
left hands deviating with "a consistent irregularity" while 
the right hand performed regularly, as in McLeod (1975). 
Fluctuations including anticipation and lag were also 
observed, particularly in the context in which a tempo was 
set without an exact model for subjects to match. However, 
without further research, it is impossible to determine 
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which types of systematic variation are most common among 
musicians. In real world musical contexts, how taps are 
varied may differ according to period or style. 
Gabrielsson's (1984) example of pronounced delay of the 
second beat in a Viennese waltz is a case in point. 
Musicians may need to be able to perform rhythmic 
patterns with mathematical precision as well as with 
different types of systematic variation-the specifics of 
which have not yet been clarified empirically for any one 
piece or style. What is acceptable as systematic variation 
may be affected by musical taste. However, as accuracy of 
subject reports in this study suggest, sophisticated 
musicians are able to categorize systematic variation with 
remarkable facility. There is a need for studies in which 
musicians evaluate systematically varied performances in 
order to begin formulating a model of musically acceptable 
variation. 
Descriptions of strategies used. Some subjects 
reported that they changed strategies once they heard the 
polymeter. Providing beginners with an auditory model 
before performance attempts would seem helpful, 
particularly with 4:5 where subjects reported less 
familiarity and subsequent inability to devise or apply 
strategies. 
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Almost all subjects used resultant and figure-ground 
strategies. There did not appear to be any correspondence 
of accuracy level with reported strategy. However, 
subjects implied that they used the resultant most often 
when they felt more confident. Initial instruction should 
probably stress the faster meter, reserving concentration 
on the resultant for later. It would be interesting to 
compare strategies used by beginning, intermediate, and 
advanced performers to see if they vary at different stages 
of performance sophistication. When practicing, musicians 
might focus on specific cues or patterns that are 
challenging but within the range of possibility before 
moving on to patterns that are beyond their current 
capability. Teachers might become aware of which cues or 
combinations of cues-be they verbal, mathematical, 
tactile, tonal, or by feel-are most helpful for learners. 
Based on the frequency of reports of strategy change, 
teachers, rather than employing a single instructional 
strategy, could help students develop a repertoire of 
strategies. 
correspondence of subject report with performance. 
Musicians' descriptions of their performances corresponded 
very closely with actual performance data. Within the 20-
to 60-minute experimental sequence, specific errors were 
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often pinpointed down to the millisecond level, and many 
were able to make corrections almost immediately. Though 
this study did not examine the perceptual ability of 
musicians, these findings suggest a high level of accuracy 
in the diagnostic skill used by musicians to monitor and 
improve performance. Clearly, not all self-reports lack 
reliability. 
Implications for learning/cognition models. Based 
partially on theories articulated by Deutsch (1983), one 
question asked in this study was whether pattern complexity 
(the number of elements in the combined metric patterns) 
would be a factor in polymetric performance. Although 
Deutsch argues that her performance findings are consistent 
with a complexity or hierarchical model, this conclusion 
can be called into question for several reasons revealed in 
the current study. In Deutsch's experiment, the time 
interval between taps decreased as the number of taps per 
measure increased (i.e., subjects had to perform more taps 
within the same time period). Deutsch concluded that 
pattern complexity was borne out in her findings, however 
although scores for 2:3 were lower than 3:4, significant 
differences were not found between 3:4 and 4:5. Therefore, 
the model she espoused was not supported by her data. 
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In this study, where the time interval between taps 
was held constant across polymeters, tentative support was 
found for the pattern complexity hypothesis in that 
all three polyrnetric patterns differed significantly in the 
order predicted. However, the findings also support the 
alternative notion that pattern length accounts for the 
differences among patterns. 
Subject interviews in this study revealed that several 
of the subjects had had little or no prior experience with 
4:5, suggesting that simple practice may account for the 
accuracy differences among polyrnetric patterns. None of 
Deutsch's three subjects "had received special training in 
the production of polyrhythms" (1983, p. 333), so this is 
probably a confounding factor in her research as well, even 
though all three subjects participated in "several" 
practice sessions. (It may be that this problem with 
confounding will never be surmounted as 2:3 and 3:4 occur 
in Western music more often than other polyrneters.) The 
hierarchical model may be valid, but studies to test it 
should not contain confounding factors. 
Another question raised in this study is that of which 
strategy(ies) performers used to process polymeters and how 
these strategies affected their performance. Jagacinski et 
al. (1988) found that when stimulus pitches of polymetric 
patterns were separated by more than an octave, performance 
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accuracy was adversely affected. When the meters were 
separated by less than an octave, subjects' performance was 
more accurate (though means differed by only 3 to 17 
milliseconds). Jagacinski et al. claimed that this is 
evidence that the subjects were using an integrated model 
(i.e., the resultant). 
In the current study, although the stimulus tones for 
each pair of meters were within an octave, the musicians 
reported using such a wide variety of strategies and so 
many instances of strategy shifting that their errors could 
not be correlated with any specific strategy use, calling 
into question Jagacinski's assumptions. 
Jagacinski et al. based their conclusion regarding 
strategies partly on the patterns of lags and anticipations 
exhibited. They used an analysis of covariance to 
establish that when one hand was off, the other was 
affected in certain ways (i.e., hands were entrained). The 
authors reasoned that this was evidence of integrated 
processing (indicating use of the resultant). 
Unfortunately, the authors are relying on motoric 
production as evidence for a specific type of cognitive 
processing. The shifting use of strategies reported by 
subjects in this study, despite constancy of performance, 
suggests that this is a topic needing further 
investigation. 
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The analysis technique used by Jagacinski et al. used 
in combination with subject interviews used in this study 
along with Peters and Schwartz' technique of instructing 
subjects to use a certain strategy would seem to hold 
promise for future research. 
Recommendations 
Practical applications. Several components and 
results of this research project should prove useful in 
practical teaching/learning situations. For example, there 
are many possibilities for use of computer programs similar 
to those developed for this study, including using the 
various forms of visual feedback to assist with diagnosis 
of performance skill. 
Future research. Now that this research has 
established that polyrneters can be performed accurately by 
highly competent musicians, it will be interesting to 
examine the ability of less experienced subjects to perform 
the patterns as well as to examine pattern acquisition by 
other types of musicians. As stated earlier, research that 
incorporates systematic practice with the polymeters and 
more experience with the apparatus would seem useful. 
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In light of the high correspondence of subject 
reports with their performance, the interview technique 
would appear to be useful in teasing out more information 
about musicians' awareness of their performance. 
Although computerized statistical and graphic analysis 
programs were newly developed for this study, their 
underlying concepts and scoring criteria were designed to 
allow duplication by other researchers. It must be 
emphasized that instruments capable of precision at the 
millisecond level must be used for this type of research. 
The preliminary data on individual differences-
specifically comparing mathematical and systematic beat 
placement-suggest that this topic will be a fruitful 
avenue for future inquiry. 
Research is needed to identify the most important 
factors in polymetric performance-among them meter, 
pattern, and cuing context, and the interaction of these. 
Although this study found a significant difference for each 
factor within the Manova analysis, a regression analysis 
would have revealed the relative role each factor plays in 
accurate performance. 
In conclusion, for researchers examining rhythmic tap 
accuracy, the following issues warrant consideration: 
1. Experimental designs should be focused within the 
larger performance matrix, allowing for more probing 
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musical questions to be examined. Factors such as 
complexity and interrelationships such as meter, 
handedness, and hand combination should be addressed. 
Performance tasks should be described for what they are, 
rather than according to hypothetical assumptions. For 
example, referring to nonharmonic or incompatible patterns 
in the same league as polymetric pattern should be avoided. 
Researchers should avoid oversimplification of tapping 
tasks, both in the requirements and in the interpretation 
of findings. Treating perception and production as one and 
the same serves to delude the naive reader and confounds 
and even invalidates research findings. Rather than 
prematurely concluding how we are prewired we must provide 
more baseline data that will allow us to formulate valid 
models. 
2. Team research work, including specialists from 
relevant disciplines, should be encouraged. This would 
reduce studies that reinvent the wheel as well as encourage 
researchers to conduct studies with validity in multiple 
fields. Methodological techniques, such as programming, 
measurement, and scoring, would also be improved. 
3. Data should be gathered in as valid a fashion as 
possible, with musical pitches used for stimuli and cuing 
contexts related to musical performance tasks. Tap 
intervals between hands should feature coincidences as well 
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as subdivisions of duples, triples, and eighths. Tap 
intervals should not exceed human physiological performance 
limits. 
4. Combining performance data from trained and 
untrained subjects should be avoided. 
5. Acknowledgement should be made of subjects' 
cultural, musical, and major instrument experiences. 
Although alluded to briefly in this study, 
overgeneralization across cultures has been avoided. An 
intriguing follow-up of this study would be to test non-
Western musicians. 
Conclusion 
Significant differences were found fo~ all factors, 
but the importance of these differences must be tempered 
with findings of significant interactions among the 
factors. Very high and consistently accurate performance 
was observed. Performance variation, including lags and 
anticipations, was often associated with pattern beginnings 
or endings. Performers used verbal, tactile, visual, and 
auditory strategies, with auditory and tactile cues used 
most extensively. In comparing musicians' subjective 
judgments with their performance data, high correspondence 
between cognitive activity and motor production was 
observed. Shortly after completing their performances, 
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these musicians proved to be very aware of how successfully 
they had performed. 
Part of the power of this research is in its providing 
new conceptual and methodological tools. With these tools 
we can look more carefully at other issues in rhythm and 
timing research. 
This study addressed an important aspect of how 
musicians perceive and perform music. Polymetric 
performance, a critical element of rhythmic timing 
research, will probably continue to fascinate and challenge 
us for generations to come. 
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The theory that the rhythm of one motor system agrees 
with or is is based upon the same temporal structure 
as the second system. 
DENSITY REFERENT 
One of the terms pertinent to pattern complexity is 
density referent, the lowest common denominator of two 
simultaneous meters. For example, the density 
referent for the nonpolymetric pattern 2:4 would be 
four, for the polymetric pattern 3:4 would be twelve. 
Measures having higher density referents have been 
viewed as more complex and therefore more difficult to 
perform. 
Density referent has also been used to refer to the 
underlying pulse (not meter) as the lowest common 
denominator in a passage. For example, the density 
referent in 2:4 could be 4, 8, or 16, etc. 
DUPLE 
Pulses which are grouped in twos, usually represented 
by meter signatures written with a 2 or a 4 as the 
upper numeral. 
ENTRAINMENT 
The "capturing" of one hand's pattern by the other. 
(Also referred to as synkinesis or mirror movement.) 
HAND COMBINATION 
The combination of hand performing two patterns. For 
example, the left hand could play 2 in 2:3 while the 
right hand played 3, or vice versa. 
INCOMPATIBLE 
METER 
The theory that the rhythm of one motor system does 
not agree with or is not based upon the same temporal 
structure as the second system. 
An organized pattern of fixed temporal units (beats), 
by which the timespan of a piece of music is measured, 
usually indicated by time signatures. Metric 
groupings are indicated by bar lines marking off 
measures. According to whether there are two, three 
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or four units to the measure, one speaks of duple, 
triple, and quadruple meter. 
NONWESTERN MUSIC/MUSICIAN 
Perceptions of musicians using notation and those 
relying on oral traditions may differ. Although 
published empirical data is sparse, there is much 
discussion in the literature about how non-Western 
musicians perceive polymeters. 
African musicians reportedly perceive a time referent, 
but meter is apparently not a static construct because 
in ensemble situations rhythm patterns shift, causing 
meter and measure boundaries to lack constancy, 
allowing multiple metric interpretations for one 
piece. "In Western music a duple clap would convey to 
our minds a sense of duple time, and a triple clap 
[would convey triple], and these rhythms would be 
reflected usually in both the melodic accent ... and 
the verbal accent of the words. In Africa, nothing of 
the sort happens. The clap is purely a time factor: 
it is impartial and neutral: it carries no emotional 
content: it merely exists as a metrical foundation on 
which the time-values, and only the time-values, of 
the song are built. Thus it is quite possible and 
usual and natural for an African to clap either a 
duple or a triple clap to the same song, if its total 
number of units of time is divisible both by 2 and J, 
as is usually the case. Such a procedure makes no 
difference whatever either to the phrasing or to the 
accentuation of the melody" (Jones 1958, 14). 
POLYRHYTHM 
The simultaneous use of contrasting rhythms in music. 
The superimposition of different rhythms or meters. 
Polyrhythm closely relates to cross-rhythm, which 
refers to rhythmn which contradicts a given metric 
pulse or beat. 
Polyrhythm differs from polymeter -in that the former 
indicates combination of two rhythmic groups, usually 
consisting of mutually prime numbers of notes or 
irregular groups of non-coincident patterns, while the 
latter merely indicates the superposition of two 
different meters usually having the same note values 
as their common denominator. If two measures of 
different time signatures are isochronous, then the 
effect is both polymetric and polyrhythmic. 
(Slonimsky 1977) 
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In the African context the term may be used more 
broadly. "The feeling of a rhythmic pattern played in 
isolation is never the same as when that pattern is 
played ... within a time line, or when ... related 
to some other rhythm with which it produces a 
resultant" (Nketia 1974, 136). 
POLYMETER 
The simultaneous use of different meters, e.g., 2/4 
against 3/4 or 6/8 within the same time frame. 
Rhythms conflicting in terms of meter or accent are 
termed polymetric. 
TRIPLE METER 
Represented by meter signatures written with a 3,6, or 
12 as the upper numeral. 
APPENDIX B 
SELECTED EXAMPLES OF MUSIC FEATURING POLYMETERS 
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Selected Examples of Music Featuring Polymeters 
Ali, Rashied. "Leo." On Side 2 of John Coltrane: Concert in 
Japan. ABC Records, Inc., 1973. AS-9246-2. 
Polymetric and polyrhythmic drum solo. 
An anthology of African Music: Central African Republic. 
Paul Collaer (General Ed.) Barenreiter-musicaphon BM 
30L2310. 
The ritual song, "Nkumelele nabonkinda" ["Gently the 
Big cauldron"], features interchanging duple and triple 
meter among the voices, mbria, and bottle struck with a 
stick. 
Bartek, B. "Bagpipes." Mikrokosmos . .2,(138). New York: 
Boosey & Hawkes, 1940, 40. 
5:2 in the middle section. 
Berliner, P. "Nhemamusasa," "Mbiri Viri," and "Dangu 
Rangu." The Soul of the Mbira. Los Angeles: 
University of California Press, 1978. Accompanying 
record: The soul of the Mbira: Traditions of the Shona 
People of Rhodesia. Explorer series H 72054. 
"Nhemamusasa:" 3:4 with shifting relationships between 
hosho, claps, mbira, singing and yodeling; "Mbiri Viri" 
cross-rhythmic scat singing "tsa tsa" against the mbira 
patterns; "Danqu Rangu": different configurations of 
the upper and lower mbira parts so that the pattern 
sounds like several instruments at once. 
Blacking, J. In "Patterns of Nsenga Kalimba music." 
African Music Society Journal. ~(4), 1961, 38. 
2:3 and 3:2 in left and right thumb parts (patterns VII 
and VIII). 
Brahms, J. "Variations on a Hungarian Song." Op. 21. No. 2 
In Piano Works, Volume I. 
3:2: variation VI; 4:6: Variation x. 
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Cage, John. Third Construction in Metal. New York: 
C. F. Peters, 1970. 
Examples throughout. 
Chopin, F. Three Etudes (posthumous), No. 2 in A flat 
major. 
3:4 throughout work. 
Chopin, F. "F# minor Prelude" (#8) 
8:6 throughout. 
Colgrass, M. "Fantasy for 8 drums and percussion quintet" 
"Fantasy Variations 1961," Nonesuch 71291. 
2:3 and 3:5, according to McKenzie's notes. 
Cowell, H. "Four Combinations," Mirecourt Trio, Piano, 
violin, and cello. Composers Recordings 170 West 74th 
St. NY 10023. 
2:3 throughout second section. 
Cowell, H. Concerto for Rhythmicon and Orchestra. First 
performed in 1931. 
The Rhythmicon, an electronic music machine developed 
with Leon Theremin, played complicated polyrhythms. 
Durufle, M. "Choral varie sue le theme du 'Veni Creator'," 
Op • 4 ( 19 3 0 ) . 
2:3: Variation 2. 
Dvorak, A. "Finale," Symphony No. 9 "New World Symphony." 
3:4 and 3:2 throughout. 
England, N.M. "Symposium on transcription and analysis: A 
Huckwe song with musical bow." Ethnomusicology. 18(3), 
September 1964, 223-272. 
Transcriptions by four researchers of the same 4:6 
piece. 
216 
Friedman, D. Vibes with Thelonious Monk. "Twinkle-
Tinkle." David Friedman: Futures Passed. Inner city. 
3004, 1976. 
Ghent, E. "Dithyrambos," for brass quintet and special 
equipment, 1965. Described in "Programmed Signals to 
Performers: A new compositional resource," _§.(1), 96-106. 
The "special equipment" is the Polynome, a device used 
for transmitting synchronizing signals to performers, 
enabling them to play at independent tempi and meters. 
Hindemith, P. Mathis der Maler. New York: Schott and Co., 
Ltd., 1934. 
2:3 in the Presto section. 
Hovhaness, Alan. October Mountain. New York: C. F. 
Peters, 1957. 
3: 4: First movement. 
Ives, c. Scherzo (Over the Pavements). For chamber 
orchestra. Peer International Corporation, New York, 
1954, p. 8. 
5:3 in the Allegro section. The piccolo, clarinet and 
trumpet play triplet figures while the piano, trombones 
and other instruments play the fives. 
Ives, c. Three places in New England. Boston: C.C. 
Birchard & Co., c. 1935. 
"Putnam's Camp," the third movement, illustrates the 
meeting of two marching bands, with similar tunes 
played in the ratio 4/3, so that four bars of the 
faster march equal three of the slower march. One of 
the sections, "Housatonic at Stockbridge," also 
features simultaneous groupings of 2, 3, 5, 6, 7, and 
8. 
Johnston, B. "Knocking Piece," 1967. In Cage, J. (Ed.). 
Notations. New York: Something Else Press, 1969, 
[n.p.] 
3 : 2 , 5: 4, 4 : 7, 4: 5, and 2 : 3 . 
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Jones, A. M. (Transcription) "Agbadza Dance" (Variations 
on Pattern A). Studies in African Music. London: 
Oxford University Press, 1959, i, 177-179. 
4:6 between clap and Gankogui and Axatse patterns. 
Jones, A. M. (Transcription) "Osen Malala" ["Son of the 
Home of Cow-bells"]. Luo music and its rhythm. 
African Music Society Journal, 2(3), 1973/4, 50. 
2:3 between drum and gara. 
Jones, A. M. (Transcription) "Sovu Dance" (Master 
pattern B). Studies in African Music. London: Oxford 
University Press, i, 1959, 81-85. 
3:4 between clap, Gankogui, and Axatse patterns. 
Jones, E. "Currents/Pollen," "The Prime Element," and 
"Champagne Baby." Elvin Jones: The Prime Element. 
Blue Note Reissue Series, United Artists Music and 
Records Group BN-LA506-H2. 
Polymetric and polyrhythmic drum performances. 
Kingdom of the Sun: 
David Lewiston. 
Peru's Inca Heritage. Recorded by 
Nonesuch Explorer Series H-72020. 
"Toccto Pachhape," played on an eight stringed guitar-
like charango; "Yawlina," and "Adios, Pueblo de 
Ayachucho," both played on the harp, all feature 
multimeter with cross-metrical rhythms superimposed. 
Knight, R. 1973. Mandinka Jaliya: Professional Music of 
the Gambia. Ann Arbor, Michigan: University 
Microfilms. 
2:3: Example 11-11, between kora chords and melody; 
4:5: Example 15-14, result of voice, calabash, and 
kora. 
Kubik, G. "Nzanginza Mu Du Kporani Yo." Harp music of the 
Azande and related peoples in the Central African 
Republic (Part I). African Music Society Journal, 
1(3) I 1964, 59. 
2:3. 
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Los Chiriguanos of Paraguay: Guarani Sonos and Dances. 
Angel Sanabria, singer and guitar, Pablo Vicente Morel, 
harp. Nonesuch Records. H-72021. 
2: 3: in the harp solo refrain, "Mi Despedida." 
Mujuru, E. "Marenje," "Guru uswa," and "Dangurangu." The 
Spirit of the People: Ephat Mujuru Ensemble Plays the 
Mbira music of Zimbabwe. Mapfumo, Shed Studios, 
Zimbabwe. ZML1003. Reissue: Teal Record Co., London 
(in press) as The Soul of the Mbira. 
3:4: mbira, njari, hosho, clapping, and voices. 
Musigues et traditions du Monde: Une Nuit de Wayang Kulit 
Legende de Wahju Tjakraningrat. CBS 65440, 1972. 
2:3 Side one, battle scene in Javanese shadow puppet 
music (singing in two, while striking a wooden 
instrument with the foot in three). Also features 
duple clapping with triple speech. 
Nketia, J. H. Traditional music of the Ga people. African 
Music Society Journal, ~(l), 1958, 22. 
2:3 and 4:3 in elaborate gong combinations. 
Olatunji. "Primitive Fire." Drums of Passion. Columbia 
CL 1412. 
Osafo, F. o. "Ahenemma Asaw" [The dance for the Chief's 
children]. An African orchestra in Ghana. African 
Music Society Journal, 1(4), 1957, 12. 
3:2 and 4:3. 
Russell, Armand. concerto No. 2 for Percussion Ensemble. 
New York: G. Schirmer, Inc., 1979 (#47498c). 
3:4 and 3:2: Movement II. 3:4: Movement III. 5:2: 
Movement V. 
Schietroma, Robert. Dialogue for Clarinet and Marimba 
(vibes). Music for Percussion, Inc., 170 N.E. 33rd 
St., Ft. Lauderdale, Florida, 1982. 




Concerto in D minor, Op. 47 for Violin and 
New York: International Music Co., cl961. 
3:4: Movement II. 
Standifer, J. A., & Reeder, B. "Experiencing cross-rhythms 
using two against three." Source book of African and 
Afro-American materials for music educators. (CMP7) 
Reston Virginia: Music Educators National Conference, 
1972, 32-34. 
Stockhausen, K. Zeitmasse. In Aspects of twentieth 
century music. (Wittlich, G. E. coordinating ed.). 
Englewood Cliffs, New Jersey: Prentice-Hall, Inc., 
1975, 264. 
3:5 and 5:7 among oboe, bassoon, clarinet, English 
horn, and flute. 
Strumpf, M. Ghanian Xylophone Studies. Institude of 
African Studies, Legan, Ghana: University of Ghana, 
1970. 
2:3 instruction sequence, exercises, and notated 
transcription of "Sisala Funeral Weeping sound." 
Sydeman, William. Duo for Xvloohone and Double Bass. New 
York: c. F. Peters Corp., 1969. (#66287) 
6: 4 , 5: 4 , and 3 : 4 . 
Valdez, Carlos ("Patato"). Bata drumming. Baba Y Rumba. 
Liner notes transcribed by Ricardo Marrero. Latin 
Percussion Ventures, Inc., 1979. (LPV586) 
2:3, with itotele performing triple, and claves, 





3:4 in the mbira. 
Common Ground. AM 
APPENDIX C 
FORMS AND INSTRUCTIONS 
Solicitation Plyer 
School of Music 
PIANISTS, PERCUSSIONISTS, MBIRA PERFORMERS: 




We are conducting a study of right-handed musicians' 
performance of two simultaneous rhythm patterns, such as 
"two with three," or "three with four." 
Participants in this experiment will indicate which 
polymeters and which combinations of left and right hands 
are easiest for them to perform. They will also perform 
polymeters in different tempos, different meters, together 
with different melodies. Findings of this study will have 
particular relevance to keyboard players, percussionists, 
and mbira players, as well as their teachers. 
If you are interested, you can leave your name, phone 
number and when you can be reached by leaving a note in the 
Graduate mail box #31 or Room 29 in the Music Building, or 
by calling 543-6491 during the day or 523-4238 during the 
evenings. Kate Grieshaber would appreciate one hour of 
your time for a performance experiment. 
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Solicitation Letter 
Box 31, Music Office 
Dear 
I'm conducting an experiment to examine musicians• 





I would like to ask you to encourage your students to 
participate. A brief description of the project may be 
helpful in providing your students with some background 
information. 
Participants in this experiment will indicate which 
polymeters and which combinations of left and right hands 
are easiest for them to perform. Participants will also 
perform polymeters in different tempos, different meters, 
together with different melodies. We expect the findings 
of this study to have particular relevance to keyboard 
players, percussionists, and mbira players, as well as 
their teachers. 
The experiment will take place in the Systematic 
Musicology lab, and will take about one hour to complete. 
If you have students particularly skilled in the 
dexterity and timing this kind of performance demands, 
please list their names on the attached sheet and bring the 
announcement to their attention. If you would be 
interested in participating yourself, please indicate this 
too. Return the attached sheet to my attention, Box 31, 





Solicitation Letter Response Form 
Dear Kate, 
I recommend the following students for participation 
in your polymetric performance study: 
I am interested in participating myself. 
My comments 
(signed) 
PLEASE RETURN REPLIES TO BOX 31, T.A. FILES, MUSIC OFFICE 
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Consent Form 
Polymetric Performance: Effects of Pattern, 
order of Difficulty, Hand Combination, and Context 
Kate Grieshaber 
Doctoral Candidate, Systematic Musicology 
University of Washington School of Music 
Phone: 523-4238, 543-6491 
Purpose and Benefits 
The purpose of this study is to examine musicians' 
skill in simultaneously producing two different meters 
(polymetric patterns). Besides its importance to the 
musician, the music educator, and researcher, the findings 
from this study are expected to be important to the 
neurophysiologists and kinesiologists examining rhythmic 
performance, temporal sequencing, and skilled movement. 
This study will provide information about precise 
coordination in performance of timing tasks routinely 
required of musicians, a population highly trained in 
bimanual coordination. 
Procedures 
You will be tested to determine if you are right- or 
left-handed. In addition, you will be asked to complete a 
questionnaire regarding musical experience and tested for 
one- and two-handed tapping ability. Those persons meeting 
criteria will be accepted as participants of a two-part 
experiment. In the experiment, lasting no more than 30 
minutes, you will sit in a sound-attenuated room and listen 
to and tap the polymeters 2:3, 3:4, or 4:5 to prerecorded 
stimuli, which will be heard at normal listening levels. 
After completing the experiment, you are offered a 15-
minute discussion regarding your ability in performing 
polymeters. 
Auditory risk would be no greater than that of 
listening to music played on a standard sound system. You 
might exper~ence some fatigue from attending to the 
stimulus trials; however, subjects in a similar study did 
not report any discomfort. Optional rest breaks during the 
experiment should minimize the possibility of such effects. 
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Additional Information 
You may withdraw from this experiment at any time. 
Your data will be coded to preserve anonymity and 
confidentiality. These results will be published in my 
Ph.D. dissertation and quite possibly in a professional or 
technical journal. 
Signature of Investigator Date 
subject's statement 
The study described above has been explained to me and 
I voluntarily consent to participate in the study. I 
understand that my identity will not be revealed in 
connection with any published document ensuing from this 
research study. I have had an opportunity to ask 
questions. 
Signature of Participant Date 
cc: Participant 
Systematic Musicology files 
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Instructions to Participants 
Introduction 
If you are playing a polymeter (such as two with 
three), this means the right hand plays one of the patterns 
and the left hand plays the other. For instance, in two 
with three (2:3), you might play 2 pulses in the right hand 
and 3 in the left. The first pulse of the pattern 
occurring in the right hand is simultaneous with the first 
pulse of the pattern of the left hand. 
This experiment will consist of six blocks of six 
sections each. At the beginning of each block, you will 
hear instructions telling you which_polymeter to tap (2:3, 
3:4, or 4:5), and which way to tap it on the dual pulse 
recorder. At the beginning of each section, you will be 
instructed in what manner to tap as shown in the sections 
described below: 
Section 1: Perform polymeter without any sound 
stimulus to imitate 
Section 2: Perform the same polymeter with a beat 
established 
Section 3: Perform the same polymeter, matching 
the polymeter heard over the speaker 
Section 4: Continue playing with the beat after 
the pattern stops 
Section 5: Perform the polymeter, matching the 
polymeter heard 
Section 6: continue the polymeter without the 
stimulus pattern or beat 
After you have completed the six sections of block 
one, you will go through these same sections in five 
additional blocks, each with slightly different 
instructions. You can take a rest break between blocks if 
you wish. 
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Edinburgh Handedness Inventory 
Please indicate your preferences in the use of hands 
in the following activities by putting+ in the appropriate 
column. Where the preference is so strong that you would 
never try to use the other hand unless absolutely forced 
to, put++. If in any case you're really indifferent, 
put+ in both columns. 
Some of the activities require both hands. In these 
cases, the part of the task or object for which hand 
preference is wanted is indicated in brackets. 
Please try to answer all the questions, and only leave 







6 Knife [without fork] 
7 Spoon 
a Broom [upper hand] 
9 striking match [match] 
10 opening box [lid] 
11 Which foot do you prefer to kick 
with? 
12 Which eye do you use when using 
only one? Explain 
Left Right 
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Musical Background and Experience Inventory 
Date --------
Name -----------------------------
Sex Age _____ _ ------ Hearing normal ------
Is English your native language? _____ _ 
Are you usually dextrous at playing video games, etc.? 
Explain: 
Number of years participation in: 
Large music group(s) (i.e., band, orchestra, choir) 
Private instruction: voice --- instrument ---
Playing self-taught instrument __ _ 
Circle the style(s) of music you have experience in 
performing: 
---






Music from (name of country) 
other experience which you think may affect your ability to 
produce accurate rhythms: 
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Post-Experiment Interview Form 
Subject Number 
1. Do you have any general comments about the experiment? 
What did you think of it? How did you do? 
2. What strategies were you using to tap the polymeters? 
were you aware of your strategy changing at any time? 
3. Was it difficult to switch hand combinations while 
performing the polymeter? 
4. Which pattern was the most difficult? In which were 
you learning the most? 
5. Was any hand "off" compared to the other? 
6. How did you feel about the mathematically precise 
pattern and the computer sound in the stimuli? Did 
either bother you? 
7. How did you respond to the low and high tones of the 
stimuli; were they associated with any hand 
combination? 
a. What part of the experiment was fun for you? 
APPENDIX D 
VIDEO MONITOR INSTRUCTIONS 
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Video Monitor Instructions 
For each subtask condition, you will read 
instructions, hear a stimulus (if prerequisite to a 
condition), be cued to begin tapping, tap, be cued to stop, 
and discontinue the stimulus. Then the next subtask will 
begin. In each case, the blank line will be either 2:3, 
3:2, 3:4, 4:3, 4:5 or 5:4. 
1. PERFORM a 
THERE WILL BE NO SOUND CUES. 
2. PERFORM 
PLAY ALONG WITH THE SOUND YOU HEAR. 
THE FIRST BEAT OF EACH MEASURE WILL BE SOUNDED. 
3. PERFORM 
MATCH WHAT YOU HEAR EXACTLY. 
4. PERFORM 
PLAY ALONG WITH THE SOUND YOU HEAR. 
KEEP PLAYING WITH THE BEAT AFTER THE PATTERN STOPS. 
a Example: Perform 2:3, two with your left hand and 
three with your right. 
5. (SAME AS #3 ABOVE:) PERFORM ---
MATCH WHAT YOU HEAR EXACTLY. 
6. PERFORM 
PLAY ALONG WITH THE SOUND YOU HEAR. 
KEEP PLAYING EVEN AFTER THE PATTERN STOPS. 
MAINTAIN THE SAME TEMPO. 
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APPENDIX E 
COMPUTER PROGRAM DESCRIPTIONS 
.. 
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Computer Program Descriptions 
Initial Graphics and Debouncing1 
Graphic 1.1 is a data-transformation and graphical 
display program designed for use in conjunction with data 
sets specific to a polymetric experiment. Graphic 1.1 is 
written in Turbo Pascal and makes use of the Turbo Graphix 
Toolbox in producing its graphs and hard copy. The program 
can be generalized to handle other forms of data. 
Graphic 1.1 requires the following hardware 
configuration: 
IBM PC/XT or compatible 
256 KRAM 
Enhanced Graphics Adaptor (EGA) 
IBM color display or enhanced color display 
Parallel Port 
IBM Graphics Printer 
Graphic 1.1 should work with a Color Graphics Adaptor 
(CGA), though it has not been tested. 
Note: This program was developed in collaboration with 
Humanities and Arts Computing Center, University of 
Washington, May 1986. Disk copies of the programs may be 
obtained from the Systematic Musicology Laboratory, 
University of Washington 98195. 
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Graphic 1.1 reads data files and transforms the data 
in a variety of ways. It can "debounce" data by deleting 
the second of data pairs that fall within 200 milliseconds, 
write the debounced data to a new file (having the 
extension .DBE), and report how many data points were 
deleted (reported in a file having the extension .STA). 
Graphic 1.1 can also display the data in either of two 
forms: "raw," graphed just as it appears in the data set, 
and "delta" data, transformed to show on the y-axis the 
difference between data values. 
creating Well-Formed Measures and Statistical summaries 
Normal 1.0 is a program designed to read and transform 
data files stored in the format of Kate Grieshaber's 
polyrhythm data. Normal 1.0 produces two output files 
having the extensions .NOR and .VAR. The .NOR files 
contain normalized measures of the rhythm data, while the 
.VAR files contain a text-formatted statistical description 
of the data, including variances for the beats in the 
measure and for all the beats in the data set, sorted by 
left and right hand (see Appendix F, statistical Summary 
Sheet for an example). Normal 1.0 produces .NOR files that 
are readable by Graphic 1.1 and can therefore be 
graphically displayed. 
Normal 1.0 should run on any PC/XT or compatible. 
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Extracting Complete Measures 
Normal 1.0 works through a data set one cuing context 
at a time, reading it from disk, processing it, and writing 
the results to the appropriate files. In processing a 
cuing context, Normal 1.0 searches for good measures, and 
calculates its statistical information based on these 
alone. A measure is defined as the period of time 
beginning at the coincidences of the left and right hands 
and ending with another coincidence of hands at the 
beginning of the following measure. The length of the 
measure is determined by the number of beats expected for 
each hand. Thus, if a beat is added or dropped, the 
measure, however interesting in other respects, is not 
considered well formed by Normal 1.0. 
Well-formed measures were tabulated by the program. 
If the program encountered four or more in sequence, the 
entire sequence was deemed sufficient and was included in 
subsequent statistical analyses. 
APPENDIX F 
SAMPLE STATISTICAL SUMMARY SHEET 
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statistical summary Sheets 
The following data were synthesized for each subject: 
1. Number of successful measures completed in a 
performance block. 
2. Number of times each hand leads at coincidences. 
3. "Global" standard deviation for each hand (how 
much taps deviate from average tap placement 
averaged over the entire measure). 
4. "Average" standard deviation for each hand (how 
much taps deviate from tap placement averaged over 
that tap within the measure). 
5. Average distance between taps in the measure (how 
the musicians partitioned tap onsets within the 
measure). 
6. Placement of each tap in milliseconds in the 
normalized measure. 
7. Overall average standard deviation for each hand 





statistical Summary Sheet 
subject 16, 3:4, Free 1 
Successful Measures 




Left 453 121.1 
Right 339 118.0 
Patterned Accuracy 
Int.a Oeltac S2 
Left 0 0 0.0 
445 445 130.7 
899 454 326.9 
1358 459 504.1 
Composite: 321.6 
Right 0 0 0.0 
341 341 112.7 
670 329 202.6 
1016 346 403.9 


















a Average interval length in milliseconds. 
b "Global" standard deviation (calculated disregarding 
tap placement). 
c Interval deltas (e.g., millisecond difference between 
taps 1 and 2, taps 2 and 3, etc.). 
d Average intervallic standard deviation (calculated for 
each tap within polymetric pattern). 
e Overall average standard deviation. 
APPENDIX G 




standard Deviations for 2:3 
Left Hand Right Hand 
Cuing Contexta Cuing Contexta 
Subj. 1a 2 3 4 5 6 2 3 4 5 6 
1 4.7 29.0 22.7 18.8 15.5 17.3 11 . 1 21.5 20. 1 15.9 6.8 7.4 
2 23.5 15.9 21.8 13.9 21.1 13.6 14.3 14.2 13.6 10.3 16.4 9.1 
3 11 .4 11 .2 6.5 8.4 7.8 8.7 8. 1 6.4 5.9 8.4 
4 49.2 12.9 16.6 11.0 13.9 44.6 11 .4 13.7 12.2 13.0 
5 10.3 10.3 9.2 6.2 10.4 12.4 9.5 13. 1 10. 1 6.9 9.0 10.4 
6 23.2 28.5 16.9 46.0 15.4 17.2 19.7 32.2 21.0 19. 1 14.7 12.9 
7 18.3 26.0 12.0 11 .8 8.7 19.2 20.2 13. 1 8.4 10.4 
10 12.5 25.6 16.4 32.9 14.9 18.1 11.3 23.6 13.9 25.0 18.3 15.4 
13 10.5 21.3 12.7 30.0 19.4 17.2 7.0 20.8 6.4 19.6 12.7 15.2 
14 11.5 11.6 18.6 12. 1 13.8 12.8 9.5 12.3 15.6 8.5 9.3 12.4 
15 17.2 21.4 16.3 14.3 15.2 8.1 10.7 13.8 13.2 15.5 12.0 3.9 
16 9.8 11.5 6.9 8.7 10.9 10.3 12.8 12.9 10.2 12.1 12.3 9.5 
17 21.5 20. 1 31.4 24.4 22.9 14.9 18.0 13.7 10.9 16.4 10.8 11 . 2 
18 7.7 18.4 16.9 14.8 11.3 11.8 12.4 11. 5 
19 17.2 15.4 14.7 10.5 9.0 10.3 14.2 17.3 11. 9 6.0 
20 17.9 19.1 13.9 21.6 1,. 7 10.7 ?0.6 20.9 12.5 17.9 13.6 13.5 
21 12.4 11.2 13.8 9.5 17.1 9.5 14.6 9.7 
22 9.6 55.0 31.1 14.3 16.8 13.7 10.0 49.0 16.9 12.3 13.5 8.2 
23 10.5 17.6 14.2 12.3 10.5 9.6 7.4 17.7 11. 2 12.4 11.0 8.7 
24 29.3 10.5 8.3 10.4 14.8 26.9 7.4 5.8 6.4 9.5 
26b 11.3 16.8 16.0 17.8 19.4 15.2 
27 11. 7 19.4 14.4 8.9 12.8 16.7 17.3 15.6 12.1 12.8 18.7 12.4 
28 13.7 12.3 6. 1 5.7 10.0 13.5 10.2 8.2 9.7 a.a 
30 18.4 21.4 24.0 16.6 18.5 12.4 5.5 24.6 13.0 12.4 13.4 11 .0 
31b 15.7 24.8 15.6 11.4 16.3 14.2 10.0 19.0 13.5 18.2 6.7 15.8 
32 26.6 16.7 6.9 17.8 5.9 9.6 17.4 17.1 8.0 17.7 10.9 7.0 
33 13.9 28.8 21.8 16.8 15.4 23.4 9.7 19.3 17.6 16.9 14.7 17. 1 
34 16.9 17.7 17.2 12.2 13.8 16.2 15.2 18.1 24.8 10.4 11.9 13.2 
35 10.0 14.2 16.4 14.2 20.7 14. 1 9. 1 14.4 10. 1 16.6 15.7 18.2 
37 13.8 12.7 19.8 10.8 8. 1 17.7 8.0 19.2 6.3 6.8 
40 19.4 28.3 18.0 13.3 13.0 13.4 17.9 24.8 12.3 12.4 8.5 13.5 
a The cuing contexts were: (1) Uncued, (2) Pulse, (3) Imitate 1, (4) Continue/Pulse, 
(5) Imitate 2, (6) Continue/Uncued. 
b Disqualified from analysis. 
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Table G-2 
standard Deviations for 3:2 
Left Hand Right Hand 
Cuing Contexta Cuing Contexta 
Subj. 1a 2 3 4 5 6 2 3 4 5 6 
1 8.9 15.1 13.7 16. 1 16.8 13.8 13.8 13.5 15.8 17. 1 20.9 11. 9 
2 18.4 7.2 12.5 19.6 13.3 10.2 10.3 19.0 12.2 17.4 16.3 11. 5 
3 5.7 14.0 11.8 16.3 14. 1 15.2 7.3 15.4 11. 2 14.4 15.5 22. 1 
4 11.0 13.9 9.2 20.0 5.8 5.2 12.2 13.0 17.3 19.9 9.6 6.7 
5 8.6 9.8 20.3 10.9 6.9 8.4 5.7 19.4 21.2 12.2 11.8 7.6 
6 8.9 11.4 13.5 16.6 14.5 11 .0 18.4 24.9 14.9 17.3 15.1 21. 0 
7 11.6 18.4 12.2 6.6 14.5 6. 1 12.8 31.5 9.2 13.3 14.6 14.8 
10 15.2 26.8 11.2 9.4 13.9 28.2 17.4 7.3 
13 5.0 17.3 9.5 14.9 7.5 12.2 11.2 12.9 15.0 16.9 13.9 12.1 
14 17.9 12.4 12.4 12.6 11.3 17.5 16.5 11.3 11 . 1 12.6 9. 1 16.9 
15 7.8 11.0 7.6 15.4 8.9 7.3 11.9 7.9 7.8 15.2 16.6 9.5 
16 5.5 11. 1 10.7 10.7 13.4 11.8 6.1 10.2 10.5 12.8 14.8 12.6 
17 17.9 24.0 19.2 12.1 12.2 9.0 21.1 30.3 23.8 17.8 11 .6 12.2 
18 8.0 12.2 14.8 36.4 16.0 8.1 13. 1 11.8 11. 5 30.2 18.7 7.2 
19 8.5 17.7 7.6 12.5 17.4 11.2 12.6 19.7 9.0 15.2 14.0 10.3 
20 8.2 15.6 18.4 8.6 8. 1 14.0 8.3 20.2 13.9 5.0 5.4 15.3 
21 10.0 13.7 9.2 6.5 14.3 11. 0 9.2 13.7 10.8 6.7 10.4 10.6 
22 8.0 9.3 13.6 10.4 12.1 10.7 7.1 10.0 14.5 15.2 18.8 15.2 
23 7.2 8.3 10.2 11.0 10.4 3.6 9.6 11.0 15.1 12.2 13.6 11. 1 
24 5.9 17.7 8.3 8.9 6.8 3.7 7.0 17.1 10.0 11.2 6.4 6.3 
26b 11.3 16.8 16.0 17.8 19.4 15.2 
27 13.8 7.6 8.5 7.0 8.2 9.9 17.8 8.2 9.1 13.1 6. 1 9.4 
28 6.4 19.5 12.0 9.9 12.6 9.6 6.2 13.9 22.2 9.5 9.0 6.2 
30 7.5 26.6 10.0 21.4 11.8 19. 1 12.3 27.3 15.3 27.2 21 . 1 17.8 
31b 13.5 46.7 23.5 57.1 12.8 17.7 14.7 62.8 40.9 61.3 24.7 25.4 
32 14.4 22.3 12.2 8.0 9.8 15.6 16.9 8.3 6.2 10.0 
33 22.8 20.3 5.2 12.2 11.8 8.0 18.3 24.4 8.5 13.3 9.0 12.4 
34 16.0 17.5 20.3 9.5 12.3 22.5 15.5 9.2 
35 10.5 24.3 9.8 14.6 17.3 9.2 8.9 25.1 15.3 14.5 14.0 13.8 
37 8.4 26.8 18.1 7.9 7.1 13.1 27.5 22.7 10.8 6.4 
40 6.4 10.2 10. 1 7.5 10. 1 12.5 8.9 17.6 8.8 11.3 18.7 6.9 
a The cuing contexts were: (1) Uncued, (2) Pulse, (3) Imitate 1, (4) Continue/Pulse, 
(5) Imitate 2, (6) Continue/Uncued. 
b Disqualified from analysis. 
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Table G-3 
standard Deviations for 3:4 
Left Hand Right Hand 
Cuing Contexta Cuing Contexta 
Subj. 1a 2 3 4 5 6 2 3 4 5 6 
1 45.6 21.8 19.7 24.2 13. 7 17.9 36.8 19. 1 19.5 18.0 12.5 21.2 
2 31.3 31.0 38.5 27.5 28.7 33.8 34.9 27.7 
3 10. 1 14.8 13.3 9.5 8.9 16. 1 6.9 11. 7 12.3 8.9 8.4 15.6 
4 43.1 51.9 20.5 49.2 26.7 18.0 42.5 66.7 15.9 46.4 18.4 17. 1 
5 22.0 17.8 7.7 7.8 11.5 14.2 18.4 19.9 10.0 9. 1 8.6 12.2 
6 10.9 29.2 11.8 19.4 21.6 17.0 16.8 28.6 9.8 20.6 29.3 21.4 
7 20.1 20.2 16.9 11. 7 31.3 42.5 16.4 19.0 12.2 12.4 23.0 18.4 
10 
13 51.8 15.1 29.2 31.4 9.9 46.0 10.5 14.9 13.0 8.6 
14 12.1 27.3 21.9 9.6 12.7 12.4 12.2 21.5 17 .1 12.9 11.0 11. 5 
15 17.8 17.9 15.2 20.1 11.8 15.0 14.3 13.6 7.8 7.9 
16 17.9 12.4 12.4 12.6 11.3 17.5 16.5 11.3 11 . 1 12.6 9.1 16.9 
17 14.6 21.1 45.1 18.0 16.9 21.0 13.6 20.5 
18 37. 1 17.0 27.5 10.4 19.3 15.5 23.4 17.6 22.5 12.1 11 . 1 15.6 
19 16.6 22.9 12.6 23.7 12.6 17.9 12.3 17.6 9.5 23.7 14.2 18.8 
20 30.3 37.4 
21 16.2 11.4 12.8 7.6 18.8 22.7 13.0 12.0 10.2 7.8 14. 1 13.8 
22 11.0 43.4 22.2 12.0 11 .9 10.9 8.9 41.6 20.3 14.5 13.5 14.2 
23 17.9 23.8 52.0 15.2 12.1 9.3 15.7 24.2 38.7 17.1 16.9 13.5 
24 117. 1 9.0 9.5 10.9 14.5 9.3 91.3 9. 1 8.3 7.9 7.7 6.8 
26b 15.8 25 .1 22.3 17.9 21.9 8. 1 
27 12.4 7.7 13.8 11.6 16.7 11. 7 19.6 18.3 12.4 11. 1 14.7 14.2 
28 17.7 12.0 8.2 14.0 10.8 18.9 14.5 11. 5 5.4 10.5 7.4 11. 7 
30 21.9 12.2 19.5 25.3 16.8 18.4 11.6 15.2 15.9 24.7 10.8 17.7 
31b 25.8 n.1 17.4 25.5 21.4 44.8 23.4 77.4 16.6 24.2 16.2 41.7 
32 15.5 53.6 24.5 22.0 24.6 18.2 53.8 21.2 14.3 16.7 
33 10.1 46.7 18.4 11.0 24.1 26.2 13.3 21.0 13.2 12.7 24.6 23.7 
34 29.4 19.2 30.6 39.2 12.5 35.5 20.6 17.7 19. 1 34.1 19.4 26.0 
35 25.2 24.3 31.1 13.1 23.5 12.4 25.8 25.1 18.7 7.6 18.0 18.9 
37 47.3 23.4 17.4 20.0 12.4 16.5 47.7 22.2 11 .3 19.8 12.6 16.6 
40 24.5 25.7 9.6 15.8 11.1 9.8 26.6 29.1 10.7 15.7 8.2 10. 1 
a The cuing contexts were: (1) Uncued, (2) Pulse, (3) Imitate 1, (4) Continue/Pulse, 
(5) Imitate 2, (6) Continue/Uncued. 
b Disqualified from analysis. 
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Table G-4 
standard Deviations for 4:3 
Left Hand Right Hand 
Cuing Contexta Cuing Contexta 
Subj. 1a 2 3 4 5 6 2 3 4 5 6 
1 23. 1 49.7 24.5 25.3 19.2 22.0 15.6 53.2 13. 7 27.5 22.1 12.9 
2 20.5 19.9 14.4 252.0 35.4 20.6 20.5 27.5 21.2 203.4 20.6 24.5 
3 5.7 8.3 12.3 23.5 14.4 13.8 7.4 13.4 10.7 22.2 11. 7 10.2 
4 11. 7 18.5 18.8 13.6 13.7 8.1 6.9 22.5 19. 1 11. 8 18. 1 11.3 
5 15.0 11. 7 15.8 20.6 7.7 10.2 10.1 15.4 25.6 25.4 9.8 9.9 
6 18.2 29.7 21.4 11.6 11.6 24.3 32.5 23.6 7.6 16.9 19.5 31.9 
7 28. 1 20.2 24.0 5.5 12.6 27.6 25.8 32.9 12.9 13.6 
10 34.0 38.2 
13 14.5 32.1 14.0 14.7 6.9 16.0 20.6 30.2 23.7 18.0 10.7 10.4 
14 9.0 16.8 8.4 10.8 8.4 7.9 9.3 19.6 11. 9 11.9 9.9 16.3 
15 25.8 19.2 29.2 14.5 27.3 37.3 51.7 21. 7 50.9 14.3 32.4 50.8 
16 12.7 22.2 15.2 24.5 13.8 12.6 12.5 21.1 10.6 25.7 12.3 20.0 
17 22.3 25.0 19.0 15.2 10.3 10.8 18.5 26. 1 22.3 15.0 13.5 12.4 
18 20.2 23.2 11 .4 19.4 13.4 15.5 25.1 24.6 19.6 34.8 28.3 18. 1 
19 14.3 16.8 27.0 26.5 15.0 12.3 18.6 17.8 29.6 24.2 17.5 11. 1 
20 41.6 40.1 
21 9.9 11.4 11.9 14. 1 15.3 6.7 9.3 16.4 13.5 23.4 15.2 8.1 
22 22.6 22.0 17.2 33.2 27.7 16.5 14.0 21.2 12.5 33.7 26.0 28.2 
23 16.7 15.7 
24 10.8 12.6 38.0 18.0 8.8 3.3 12.6 14.0 38.2 15.8 9.8 5.8 
26b 28.7 20.4 20.2 31. 7 18.6 15.1 25.8 43.3 29.0 50.8 24.2 15.7 
27 67.0 58.6 32.2 92. 1 51.6 56.0 
28 14.9 10.2 15.2 12.4 10.8 11.4 15.3 7.9 19.3 11. 2 11. 7 9.9 
30 21.9 19.3 28.4 22.5 10.9 19.9 31.0 25.2 12.8 23.7 11.6 27.9 
31b 32.1 45.3 19.3 17.8 49.0 35.3 62.6 27.1 22.9 48.9 
32 19.0 22.7 11. 1 16.3 23.2 7.8 
33 65.6 10.4 20.3 9.2 13.8 27.8 71.9 8.8 19.0 6. 1 17.9 28.4 
34 18. 1 19.6 20.6 49.5 26.4 17.2 24.1 14.7 23.4 54.1 32.6 18.8 
35 24.0 26.8 19.3 13.5 14.5 32.6 23.8 12.5 18.6 17.1 
37 13.5 13.3 13.3 14.3 13.1 10.2 21.8 13.7 17.6 12.4 14.7 11. 1 
40 42.4 22.5 14.5 21.8 13.5 9.4 39.6 27.6 16.9 28.7 12.4 11.9 
a The cuing contexts were: (1) Uncued, (2) Pulse, (3) Imitate 1, (4) Continue/Pulse, 
(5) Imitate 2, (6) Continue/Uncued. 
b Disqualified from analysis. 
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Table G-5 
standard Deviations for 4:5 
Left Hand Right Hand 
Cuing Contexta Cuing Contexta 
Subj. 1a 2 3 4 5 6 2 3 4 5 6 
1 111.8 19.4 23.8 17. 1 24.5 27.0 67.0 17.4 14.0 12.3 19.8 15.7 
2 33.0 33.6 24.7 28.7 17.0 36.8 19.2 28.0 18.5 26.0 20.7 19. 5 
3 12.2 36.4 9.3 16.2 12.7 11 .4 10.5 14.2 7.3 19.0 23. 1 19.4 
4 62.3 21.6 32.8 25.4 34.5 74.8 23.7 27. 1 19.9 36.1 
5 
6 50.4 74.2 25.5 25.8 33.3 71.8 22.2 22.7 
7 21.3 22.4 32.4 27.0 41.3 19.6 13. 1 14.5 15.4 39.0 
10 37.7 78.7 37.2 67.3 
13 137.8 49.2 86.0 88.8 49.1 63.8 30. 1 25.0 24.4 19.0 
14 22.4 12.6 14.6 16.6 13.9 13.1 17.2 11.3 12.4 15.8 16.7 18.9 
15 30.4 30.3 
16 12.7 22.2 15.2 24.5 13.8 12.6 12.5 21.1 10.6 25.7 12.3 20.0 
17 78.6 28.4 21.9 38.0 17.4 37.9 
18 26.3 70.1 10.9 20.3 36.8 21.6 10.0 23.4 
19 36.1 45.9 36.1 45.9 24. 1 24.3 29.3 34.9 29.3 34.9 18.4 29.2 
20 
21 31.0 10.7 23.2 18. 1 12.1 27.8 8.9 22.7 17.2 11 .6 
22 24.3 37.6 28.8 21.8 26.3 34. 1 44.1 14.0 
23 127.7 29.7 19.1 16.2 19.7 20.0 113.6 33.2 18.7 20.8 20.1 18.6 
24 26.5 26.6 14.6 16. 1 20.4 11.6 52.3 33.4 11. 7 15.6 18.5 10.0 
26b 114.8 53.8 55.3 71. 1 57.6 91.9 36.2 51. 7 75. 1 55.5 
27 39.1 119. 7 25. 1 21.6 20.3 26.7 30.8 52.7 20.9 18.8 22.6 32.0 
28 34.2 18.1 15.1 15.0 15.0 12.3 25.9 19.1 15.7 22.9 15.0 14.4 
30 20.0 17.0 25.7 16.0 15.9 42.3 20.1 20.6 19.0 15.5 
31b 27.9 91.2 20.2 32.8 82.7 38.1 20.8 85.7 22.3 41.2 114. 1 40.8 
32 
33 84.6 40.6 
34 26.5 26.6 14.6 16. 1 20.4 11.6 52.3 33.4 11. 7 15.6 18.5 10.0 
35 54.5 48.3 26.7 56.2 23.6 31.5 55.8 48.8 20.1 48.4 27.0 36. 1 
37 56.0 15.6 12.8 16.1 14.6 58.2 17.9 15.6 17.3 11. 5 
40 8.0 24.2 25.5 14.2 6.6 22.6 20.3 9.5 
a The cuing contexts were: C 1) Uncued, (2) Pulse, (3) Imitate 1, (4) Continue/Pulse, 
(5) Imitate 2, (6) Continue/Uncued. 
b Disqualified from analysis. 
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Table G-6 
standard Deviations for 5:4 
Left Hand Right Hand 
Cuing Contexta Cuing Contexta 
Subj. 1a 2 3 4 5 6 2 3 4 5 6 
1 35.1 20.4 26.3 26.3 22.8 40.5 34.8 19.0 27.1 25.1 21.4 31.2 
2 46.8 21.8 17.4 18.0 20.9 50.9 29.0 20.2 17. 1 30.3 
3 23.1 10.4 14.7 19.3 15.6 6. 1 12.4 9.9 11.6 17.5 11.6 7.1 
4 37.0 33.9 17. 1 29.6 16.9 16.8 43.2 39.5 25.8 34.6 21.2 26.5 
5 8.3 29.1 11.5 8.8 17.0 13.8 11.0 35.6 8.3 14.6 14.3 19.9 
6 73.2 19.8 19.2 17.2 56.5 23.0 13.8 13.0 
7 10.5 39.0 13.4 16.0 17.8 16.6 38.2 43.9 19.6 34.7 
10 
13 120.3 43.3 22.1 17.9 139.2 52.9 28.5 29.4 
14 22.4 12.6 14.6 16.6 13.9 13. 1 17.2 11.3 12.4 15.8 16.7 18.9 
15 25.4 6.2 
16 20.2 9.6 10.6 25.6 34.3 10.0 23.5 14. 1 14.7 26.4 14.5 5.7 
17 15.9 35.2 21.2 24.9 23.6 21.8 20.1 30.8 20.0 34.2 19. 1 14. 1 
18 20.3 14.8 23.3 14.3 
19 18.6 9.1 31.8 54.9 23.0 26.8 18.6 13.3 34.9 50. 1 36.6 24.8 
20 109.2 63.2 88.3 9.2 25.7 13.6 
21 14.9 45.9 24.0 12. 1 10.6 15.1 17.8 45.7 24.4 13.3 9.9 11.4 
22 26.8 20.8 10. 1 14.4 20.9 12.2 20.6 17.9 13.7 15.8 18.8 9.5 
23 
24 16.8 26.3 10.0 17.7 9.0 9.8 13.5 22.6 12.6 15.7 7.7 7.6 
26b 13.6 26.1 22.8 37.5 14.2 10.1 15.5 28.9 21. 1 39.2 9.3 15.9 
27 
28 46.2 21.9 18.5 19.4 21.3 13.4 44.6 20.3 11.8 23.0 19.3 13.3 
30 19.1 12.4 13.3 32.2 23.6 17.3 31. 1 19.3 17.9 31.3 19.3 18.0 
31b 48.9 74.4 44.1 29.3 23.4 48.4 64.5 47.6 45. 1 42.4 
32 
33 25.0 43.3 
34 21.2 20.7 49.2 48.6 18.6 14.3 58.4 35.5 
35 26.1 18.9 34.5 46.4 13.7 78.5 24.7 44.4 
37 13.5 11.2 23.6 34.1 13.5 15.3 17.9 15.0 19.5 32.8 13.7 14.3 
40 38.9 10.2 26.9 13.0 25.5 28.1 10.2 17.3 12.0 20.6 
a The cuing contexts were: (1) Uncued, (2) Pulse, (3) Imitate 1, (4) Continue/Pulse, 
(5) Imitate 2, (6) Continue/Uncued. 
b Disqualified from analysis. 
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I made a mistake the first time; I kept the same 
hand combination for 3:4 for some performances 
after the switch was required. I wish I'd done 
better. 
After hearing it, it was easier. 
I think I played the wrong hand combination in 
4:5. (He did.] The first one in the repeated 
section after the bleep was when I noticed it 
(Continue/Pulse or Imitate 2] ... I'm not sure 
if it was the fifth or the sixth of the first 
section. 
6 By Imitation 1, I was catching on. When the 
switch occurred from Imitation to beat 
(Continue/Pulse], there was some mush at the 
interface-the stop was distracting and 
disruptive-because of the sound and feeling of 
security being gone. It was the most common time 
to foul up. 
7 sometimes [cuing contexts had to be] repeated 
because I kept my eyes closed, and stopped before 
the prompt. 
a In the exit interview, subjects were asked, "Do you 
have any general comments?" In response to this 
question, subjects often went into specific detail; 














Table H-1, General Comments (cont.) 
Report 
At first I thought I could only do 2:3 but at the 
melody 3:4 I could only do 3:2. I think I rely 
on the bass to carry the strong feeling and the 
right hand to follow that. In the Barber piece 
["Third excursions for piano"], if I reversed the 
hands I couldn't do it .... It would have been 
better if the volume had been louder. 
The setup was good; the monitor was somewhat 
confusing. One training session would have 
helped. The tapper was good; I got some sound 
feedback. The monitor was shifting in size. I 
didn't like the sound of the two tones; the 
tapping drowns out the sounds; it would have been 
better if they were louder. 
[One track of the loudspeaker malfunctioned, so 
he repeated the experiment.] I experienced hand 
fatigue. Positioning the tapper on the knees 
would have been better. The volume was okay the 
second time around. 
I blew the last one because the one button didn't 
register. I realized I switched hands 
midway .... The volume was just about perfect; 
if I was doing it right I couldn't hear the 
signal which was just what I wanted. 
The instructions were all clear. 
once I heard it I could do it easier. 
sometimes my accuracy went off because of the 
tempo. 
The volume was OK. 
(No comment] 
I played 4:5 slowly, the beat really threw me 














Table H-1, General Comments (cont.) 
Report 
The volume was fine. 
The blips could be stronger [louder]. 
This is a good way of learning rhythms. I always 
thought about learning 4:5. When I heard it, it 
was easier. [It was] neat to try it out on our 
own first. 
It went fast, but I was tired at the end. 
[No comment] 
My left-hand finger was damaged previously, so it 
hurt. [Subject 28 also expressed interest in the 
ear phones.] 
[No comment] 
This was a fascinating experience. 
I kept thinking: This doesn't relate to music; 
you never really isolate the rhythm totally from 
harmony and melody. The computer sound was ugly. 
It was easier to play when you see it; especially 
5:4. 
34 That handedness [hand combination] really makes a 
difference! 
35 [No comment] 
37 I missed 4:5 [Pulse] because I pushed the wrong 
button on the Able [computer]. I was really 
frustrated if I was not able to make the 
downbeat. Missed the second one; left it blank. 
Those Goddamn buttons make me nervous. 











I took the whole pattern, didn't segment it. I 
listened in the Imitation section for how this 
differed from how I knew the resultant. I would 
slam the faster ones and think of them as the 
main beat. 
[In the Uncued section], with 3:4 I think the 
basic pulse in 4 and, thinking quarter tones, fit 
in triplets "play every other one." I did that 
in the free section. Once I heard it [Imitate 
1], my strategy changed. I just adjusted. 
Played 4 and fit in with the sound cue. 
In the Uncued section I was thinking of it as two 
hands doing two different things; after hearing 
it, I was thinking of the single pattern. I felt 
as though it was "right on" as soon as I heard 
it. 
I used "not difficult" for 2:3, "eat your Goddamn 
spinach" for 3:4. 
5 I think of the sound of the whole thing. Then 
once I got it going, I focused on one hand 
separately and the sound and attend first to one 
hand to see if it's going steadily. Mnenomics 
were not a strategy .... With 5:4 I would 
establish the five steady beats and fit the 4's 
in, then adjust to fit both hands in. I try not 
to worry about what individual hands were doing. 
6 I switched from hearing two hands to totality. I 
was imagining that I was playing bongos. 
a In the exit interview, subjects were asked, "What 
strategies were you using to tap the polymeters? Were 












Table H-2, Performance strategies (cont.) 
Report 
[In 3:4 and 4:5] concentrate on the hand with the 
fastest beats. With 3:4 I used "Go catch a fish 
tonight." I used "one, two-and-three" (for 2:3]. 
I performed totally by feeling. They sound much 
more musical without counting .... After I 
heard the computer, I started to concentrate much 
more on the downbeat. 
Mostly choosing the main hand to lead to 
establish the subdivision of the beat. I 
couldn't do 4:3, just subdivided it into a 12th 
and figured it out slowly in the Uncued 
condition, counting to 12. I switched 
strategies, just kinda do it, taking the pattern 
as a whole. I seem to need the subdivision for 
each pattern first. 
Usually think of it as a whole, but think of 
hands separately especially in long, extended 
testing periods. I use no words, or 
counting .... I sometimes checked out my 
reflections in the window to see about evenness. 
I did close my eyes some too. 
(No comment] 
With 5:4 it made a difference when I heard it; 
otherwise I didn't change my strategies. 
If I started listening for the 5 or 4 separately, 
the other hand would go into "la-la land." I had 
to listen to it as a block. 
I often tried to get in one, then add the other 
hand. 
Thinking of a sound pattern resultant rhythm 
without thinking of left or right hands. I just 
do the rhythm. Didn't use any [mathematical 
subdivisions]. 
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Table H-2, Performance Strategies (cont.) 
Subject Report 
20 I just concentrated. Sometimes I was 
just. trying to get down the beat. 
21 Subdivided 3 and 2 is 6. I just figure them out. 
22 I did a lot of counting and nodding my head. I 
would visually monitor the five sets of hands in 
the window glass. I would watch the regularity 
of hand movements. I tapped my foot and moved my 
body as well .... I just listened to 4:5 
without tapping the first time. When I played it 
[4:5] it still wasn't meshing, but I kept trying 
to fit it in. 
23 I came in on one hand and let the other fit 
in. Concentrate on 4 and let 5 fit in and 
try to get the first beat. 
I have a tendency to rush; I'm used to starting 
one hand alone and fitting in the other. I sure 
improved on Imitate 1 ... 
24 3:4 triplet patterns while playing the 4 .... 
2:3 automatic. 4:5 thinking more like the whole 
thing is one rhythm. 
26 [I would] count out the longer one and fit it in 
with the smaller one. 
27 [I was] recalling playing pieces that have 
similar polyrhythm chunking into units of one set 
or resultant, then went into focusing on how to 
play it .... When I thought I was losing 
focus, I'd listen to one hand, but when playing, 
just listened to the whole thing. 
Once the strategy was set, I was able to chunk 
the entire polyrhythm into one cell, and the task 
became much easier. I could then focus on being 
mathematically precise. For mathematical 

















The pattern in my mind was oriented to one of the 
beats within one hand, most likely the fast one, 
rather than thinking downbeat to downbeat .... 
4:5 sounds different from the one I am familiar 
with. Went with 3:4 and added two more thwaps. 
I established one hand with the basic beat and 
then stayed with it. Sometimes I would find 
myself testing both rhythms of both hands, 
concentrating on each hands' rhythm. 
I concentrated on which hand had the faster 
meter. Sometimes I'd count "one two-and three." 
I would say a mnemonic out loud and concentrate 
really hard. 4:5 divided it out using a "bum" 
rhythm sound to say with it. RH instinctively 
played, but when I tried the same process with 
5:4, it was twice as hard and I stopped several 
times and looked. Which hand comes next? I was 
hitting the pad harder and looked at the diagram 
I drew and said I could go ahead and try the last 
part ••.. Couldn't think of anything in 4:5-
no word for counting or subdividing. 
[No comment] 
I used no words. Concentrated on the downbeat at 
the right time. Wrote 4:5 out on a piece of 
paper and practiced before starting [the recorder 
button]. I associate the rhythm of 4:5 more 
keenly with pitches. 
With 3:4 and 4:5 I tried to figure it out with 
math, but I couldn't figure out the 4:5 pattern. 
3:4 is in some South Indian drum patterns. 
Regrouping of subdivided beats using drum 
syllables "ta ka de me" which I learned a long 















Hand Combination Precedence Effecta 
Report 
Hand switching was not too hard. 
No difference. It was easier and better when the 
right hand played the faster meter. 
[No comment] 
[No comment] 
In 3:4 I had to think. In 5:4 I had a problem 
because I think I already played the pattern in 
the previous section. In 2:3 there was no 
problem. 
The second was hard due to the first being 
learned. 
[No comment] 
I really had trouble switching hands, especially 
3:4. I couldn't believe it! My hands couldn't 
switch easily. 
[No comment] 
2:3 was more mellowed out, more relaxed. 3:2 
required more than thought, therefore I was 
better synchronized on the downbeats. 
The second hand combination was easier; I had the 
tempo. The second condition with the downbeat 
was difficult [Pulse]. I had to lock in on the 
beat. Once heard it was easier. 
a In the exit interview, subjects were asked, "Was it 
difficult to switch hand combinations while performing 
the polymeter?" 
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Changing hand combinations was OK and not 
necessarily more difficult because I have done it 
so much. 
It was not hard once I heard it. I'd just switch 
which hand went first after the downbeat. 
Preference took over often. 
Right hand was more automatic. I had to think of 
working the left hand to do the pattern 
especially when it had the faster pattern. There 
was no precedence effect on hand combinations. 
I had to switch and practice on the second one; I 
was so used to the first way. 
I don't think so; I can alternate back and forth. 
First 5:4 was hard. When the hands switched it 
was OK. After I heard it, I could do it fast. 
It was easy with the hand switch for 2:3 and 3:4. 
22 In a way it was easier, but the hand switch was 
hard until you got the hands synched on the new 
pattern. You already had the hang of it. 
23 Either way, switching is hard. 
24 Easier to switch having practiced it one way, 
once I knew it. 
26 No problem, just have to set my mind to it. 
27 More difficult when right hand had fast pattern 
first. 
28 No problem. 
30 [No comment] 
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More important was fact that right hand [was] 
used to leading. To me, 4:5 and 3:4 tempo was 
extremely fast, which will make a big difference. 
I was glad that the right-hand was on the fast 
part first in each case; the right-hand tends to 
step out first. It felt normal and comfortable 
for that to happen first for a right-handed 
person. 
If I was doing any of the patterns with the right 
hand leading, I don't even have to think about 
it, but in the opposite hand combination, I look 
at the left hand to remind it that it is leading 
[i.e., has the next tap after the downbeat]. I 
don't have to concentrate, I just look at it and 
that's enough to do it. 
32 I don't think so. 
33 It depended on the pattern. Sometimes I'd have 
to think a bit. 
34 Reversal (of hand combination] required 
retraining. It still feels awkward. Being able 
to do it with the right hand first ... at least 
I was acquainted with it. 
2:3 was no problem. I was able to adapt pretty 
well. 3:4 was easy to pick up but when I changed 
[hand combination], half my brain didn't seem to 
be functioning as well. It was hard to learn the 
second hand combination. I just listened to the 
whole pattern. 
35 (No comment] 
37 (No comment] 
40 Maybe. (In 2:3] I am used to 3 with the right 
hand, but 3:4 and 4:5 were hard to begin with, so 





"Hardest" Polymetric Patternsa 
Report 
In the beat [Pulse] situation, the tempo seems 
slower than the other examples, so the ones which 
required consistent tempo which were faster were 
• I easier. 
From Imitate on you have it in your ear; then 
it's easier to continue. 
2 [The hardest were] 4:3 and 5:4, the ones with the 
fast parts in the left hand. 
3 2:3 was easiest; it was hard starting 4:5. Once 
heard, 4:5 was no problem. 
4 I felt comfortable with the intervals; the 
Imitation section was the most helpful. 
5 The first section of 5:4 was the hardest. It 
wasn't necessarily easier after hearing while 
playing in the continuation mode. I had to use 
different strategies and do it differently than I 
conceptualized it. 
[The pattern] 5:4 with the click [Pulse] was the 
most difficult. Even with repeating it, I was 
possibly rushing. 
I felt as if I were doing flams between hands-
possibly due to the prevalence in practicing as a 
drummer. 
a In the exit interview, subjects were asked, "Which 
pattern was the most difficult? In which were you 
learning the most?" 
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3:4 was not as hard as 4:5. The first block was 
mostly learning. I didn't learn 4:5 until I got 
to the fifth subtask [Imitate 2]. [In 5:4 cuing 
context] number six improved and I did the last 
two subtasks well. I did it three times and got 
it. 
I tried to fit in with the computer pattern but 
then I'd get screwed up. 4:5 and switching hands 
was the hardest. 
In 4:5 I kept thinking I'd 
worse on repeated trails. 
to was not the same as the 
struggled to do that one. 
to fit in. After all that 
ceiling effect in terms of 
Imitate 1]. 
get better but I got 
The pattern I am used 
computer model, so I 
I was paranoid trying 
repetition there was a 
accuracy [after 
10 I learned my hands couldn't switch easily. By 
the time I got to 4:5 I was really "out to 
lunch." 
I had a big problem with 4:5 with either hand. I 
couldn't think of the hands as stronger, or bass, 
or having a melodic framework. I was wanting to 
do it pianistically. I really disappointed 
myself with 4:5. Even when I tried to make the 
pattern before turning it on, I couldn't find the 
beginning pulse .... 
13 [In 5:4 I] rather like to reverse high and low. 
Wish I'd not have felt as rushed-would have 
needed another hour to get it. Not enough 
practice time. 
I still can't play 4:5! 
14 (No comment] 








4:5 with the beat [Pulse or Cantine/Pulse] was 
especially hard. The left hand was not quite as 
comfortable. 
[No comment] 
18 4:5 was hardest. 4:5 was easier once heard. 
Through time, it slipped away [became less 
accurate]. 
19 5:4 was hardest. I did the most learning in 4:3. 
20 3:4 and 4:5 were tough in the first part. 
to myself, "I should be able to do this." 
5:4 I got one hand faster than the other. 
I h~ard it, I could pick it up, and felt I 





21 5:4 first attempt [Uncued]. 
22 4:5. In 4:5, the first two tasks were blind 
tapping. When I heard the pattern, I just 
listened to it without tapping the first time. 
4:5 is similar to 3:4 with a little added at the 
end. When I played it, it still wasn't meshing, 
but I kept trying to fit it in .. 
23 2:3 ("nice cup of tea") was easy, but 4:5 was 
hard. I don't know if I used the right hand 
combination. . 
24 4:5 and 3:4 - probably 4:5. 
26 5:4 was hardest: I got it down better near the 
end. 
27 4:3 was hard because of a piece with opposite 
combination I'm playing now. The most difficult 
learning was where the left hand played the fast 
pattern. 
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4:5 was hard: it took a while to figure it out. 
It reminds me of the "windshield wiper" 
phenomenon. 
(No comment] 
This was not difficult: I wanted to speed up 3:2. 
5:4 was less difficult than I expected. I 
improved, of course, and conformed to tempo in 
the last free (Continue/Uncued] task. In the 
first Uncued, I played at a faster tempo. 
4:5 sounded different from the mnemonics and 
tempo than I was used to. 
In 4:5 I would have to work at it to get 
accurate. I didn't hear relationships precisely. 
I tried to fit in with the overall tact and hope 
they came out. I tried to hear the whole rhythm 
being played. 
5:4 or 4:5. 
5:4 was difficult. It was easier to 
recognize than 3:4 because of the even spacing 
within it: whereas 3:4 doesn't have the 
subdivided pattern. 
(No comment] 
I panicked on the 4:5. It was just the anxiety 
that I wanted to make sure it was different from 
3:4. One beat comes faster and later. 
In both 4:5 and 5:4 I couldn't do the 5 easily 
with either hand. 
4:5 was hard: sometimes I was close, but other 
times not. Once I heard it, it was easier. The 
difference was so big between 3:4 and 4:5. 2:3 I 
just did automatically. 
Subject Report 
1 [No comment] 
Table H-5 
Hand Difficultya 
2 The slower tempo hand. 
3 [No comment) 
4 (No comment] 
5 (No comment) 
6 I was lagging in 4:5, sometimes in 3:4. 
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7 Some sections I was fatigued by the end of the 
same pattern. 
10 (No comment) 
13 No difference. 
14 I had lag all over the place, especially with the 
second task [Pulse]. 
15 In the 3:4 probably the 3, from slowing down. 
16 No. 
17 (No comment] 
18 I'm not sure. 
19 [No comment] 
20 One hand was faster in 5:4. Once I heard it, I 
could pick it up and felt I had a chance to get 
it. 
a In the exit interview, subjects were asked, "Was any 
hand 'off' compared to the other?" 
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Table H-5, Hand Difficulty (cont.) 
Subject Report 
No. 
I don't think so. 
21 
22 
23 I would think the left hand; it depended on the 
pattern. 
24 It was the same for each hand. 
26 The 5:4 right hand. 
27 The left hand might lag when trying to be 
precise; I would compensate; then it might change 
my tempo. 
28 (In the] Left hand probably-in 4:5 mainly. 
30 (No comment] 
31 The left hand. 
32 (No comment] 
33 Usually the left hand, which I expected. 
34 (No comment] 
35 (No comment] 
37 My right hand tended to anticipate, the left hand 
lagged at the downbeat a fraction of a beat. 
40 Sometimes I sort of lagged with the LH. 
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Table H-6 
Effect of Mathematically Precise Stumulia 
Subject Report 
1 (No comment] 
2 No, in fact, I felt better with the precise 
pattern. If it would have swung, I'd have been 
way off. 
3 [No comment] 
4 [No comment] 
5 [No comment] 
6 [No comment] 
7 2:3 felt OK. 3:4 felt find in my head, but I 
couldn't program my body. It sounded right; it 
didn't bother me. 
10 I enjoyed them. 
13 No. 
14 They just weren't swinging. 
15 I liked to hear what it's supposed to sound like. 
Once heard it was easier every time. You can put 
your own interpretation (on it] and alter it. 
16 The rhythm was OK to focus on; it was OK. 
17 Not at all. 
18 No, it felt good when I did it right. 
a In the exit interview, subjects were asked, "How did 
you feel about the mathematically precise pattern and 
the computer sound in the stimuli? Did either bother 
you?" 
Subject 
Table H-6, Effect of Mathematically 





20 It was like a drum machine: it's too mechanical, 
but it didn't bother me. It just didn't swing. 
21 No problem. I noticed it most on 3:4. 
22 It was helpful to have a dry run [Uncued] because 
you don't get the downbeat. 
23 It made me realize I don't play it mathematically 
correctly. We also do things in a rubato sense. 
24 No. 
26 I structured it better with specifics. [Meaning 
that it was structured better when the exact 
polymetric model was heard, i.e., imitation]. It 
was easier than following fluctuations [Pulse, 
Continue/Pulse?] 
27 No. I've heard the patterns through the door so 
many times. 
28 No. I made it swing in my head. 
30 [No comment] 
31 No; if you had had an actual performance, that 
performer's performance would have been different 
[from your own]. 
32 A little. I think it's useful, but it's not a 
human pulse. A person who plays that way-you 
wonder. Very unmoving. 
33 It didn't bother me. I thought it would but it 
didn't really. 
34 Not at all. 
Subject 
35 
Table H-6, Effect of Mathematically 
Precise stimuli (cont.) 
Report 
[No comment] 
37 No; I preferred that. 
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40 4:5 I guess it has its own swing, but I don't 



















Association of Hand with stimulus Pitcha 
Report 
(No comment] 







I didn't relate it to handedness; I streamed it. 
No problem; didn't make association of low with 
the LH. 
No problem; too used to atonal music. Some drum 
sets use the low pitch on the far right. 
Didn't bother me after the first change of hands. 
No problem. I was listening a couple days ago 
and after two to three minutes I realized that 
two pitches were doing different rhythms. 
No problem. 
Never associated high or low tones with left and 
right. 
a In the exit interview, subjects were asked, "How did 
you respond to the low and high tones of the stimuli; 
were they associated with any hand combination?" 
Subject 
Table H-7, Association of Hand with 
Stimulus Pitch (cont.) 
Report 
No problem. 






23 No I didn't, but I associated ... 
gible] 
(unintelli-
24 No, but was curious about what you were going to 
do. 
26 I don't [have problems with this]. 
27 No great difference; high tones are better when 
fast, but am not sure. 
28 (No comment] 
30 (No comment] 
31 No. 
32 No, not always. 
33 No. 
34 I didn't; just listened to the whole pattern. 
35 (No comment] 
37 No; didn't bother me; I'm also a cello player. 

















Aspects of Funa 
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It was fun when I had a good imitation; I felt 




Figuring out 4:5. 
It was fun when I fit into the computerized beat, 
although the performances were far too short. 
(No comment] 




17 2:3 especially after 4:5. It was a lot easier, 
since I was used to it. 
18 3:4 because 2:3 patterns were easy. I liked that 
particular trade-off, when the divisions were 
closer and closer. 
19 The parts in which learning occurred; 4:3 was 
fun because it was more of a surmountable 
challenge. 
a In the exit interview, subjects were asked, "What part 







Table H-8, Aspects of Fun (cont.) 
Report 
[No comment] 
No, it was not fun. [You are] Coming on cold, 
you can't get enough of a cue. No downbeat [in 
the first two cuing contexts]; you don't have 
any idea of the tempo. The second time [when 
hand combinations are reversed] you can pick it 
up, but you still are "off" the first measure. 
3:4 was fun because I liked that one. I also 
liked it on subtask 4 when the pattern was cut 
but the beat continued. It was a test to see if 
you could maintain. 
I teach the mnemonics. This would be a fun thing 
to do with my piano class. If you were hearing 
this in a sonata that's not the way you hear it. 
You're streaming the melody. You're playing it 
as a unit within your hands, with all the fingers 
contributing to that one gesture. 
I've been in lots of experiments and this was 
really a good one. Some of them I wonder about, 
but this one has made me think about how I teach 
and play. 
24 The whole thing was fun. It was fun when you had 
the free section after being given one beat and 
keep going [Continue/Pulse]. It was challenging 
too, because when it stops, you're sort of 
depending on the beat and when it stops you're on 
your own-you're solo. And I just liked that. 
It is a good training device. 
26 5:4 was fun 'cause it was hard; I was pleased 
when I got it better. 
27 It was much fun when it worked. It was hell when 
it didn't. I enjoyed focusing on (the feeling) 
kinesthetics .... This would be fun to do it 

















I didn't like the tempo, speed is not my great 
suit-some percussionist may be more into it. 
4:5 was fun because it made me think more. I'll 
probably go home and work it out. I play a lot 
of Chopin. I can't really hear 7 and 11-certain 
notes are stressed, anchored, more important. 
(You should get ahold of Macedonians for 
subjects.) 
The way to play them depends on melodic dynamics. 
Rigid polymeter does or doesn't fit depending on 
stylistic constraints. 
[No comment] 
It was all work. 
[No comment] 
From Imitation on [it was] do your thing. Fun 
because you could just do it. There's a whole 
different set of responses required for imitating 
than subdividing the beat. 
If it would have been a little slower that would 
have helped me on 4:5. By imitating it was easy. 
That's how we learn. 
I have a certain amount of fear with computer 
screens for a person my age. You should monitor 
breathing, heart rate, blood pressure and eye 
blinks in there. 
40 In cuing context #3 (Imitate l] 4:5 I forgot to 
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